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Introduction	  
Flavonoids	   represent	   a	   large	   class	   of	   plant	   secondary	   metabolites,	   whose	   presence	  
depends	  by	   a	   genetic	   control	   and	   its	   interaction	  with	   the	  environment	   (Lattanzio	  et	   al.,	  
2008).	   Among	   these	   naturally-­‐occurring	   compounds,	   anthocyanins	   are	   the	   most	   wide-­‐
spread,	   due	   to	   the	   wide	   range	   of	   chemical	   structures	   arising	   from	   their	   biosynthetic	  
pathway	  (Holton	  and	  Cornish,	  1995;	  Gould	  et	  al.,	  2008).	  Anthocyanins	  are	  pigments	  that	  
give	   flowers	   their	   characteristic	   red,	   purple,	   and	   blue	   hues	   (Gould	   et	   al.,	   2008).	   In	  
vegetative	   tissues	   they	   can	  be	   synthesized	   in	   response	   to	   stressful	   events,	   such	   as	   high	  
irradiance	  or	   low	   temperatures,	  against	  which	   they	  can	  give	  protection	  acting	  both	  as	  a	  
light	   screen	   and	   as	   scavengers	   for	   radical	   species	   (Gould,	   2004).	   These	   compounds	   can	  
also	   be	   important	   for	   human	   health,	   because	   of	   their	   antiallergic,	   anti-­‐inflammatory,	  
antiviral,	  and	  antioxidant	  activities	  (Levin	  et	  al.,	  2006;	  Bovy	  et	  al.,	  2007).	  
The	  existence	  of	  such	  a	  wide	  range	  of	  functions	  of	  anthocyanins	  raises	  questions	  
about	   how	   these	   compounds	   are	   synthesized	   and	   how	   their	   biosynthesis	   is	  modulated	  
(Holton	   and	   Cornish,	   1995).	   Anthocyanin	   biosynthetic	   regulation	   has	   been	   studied	   in	  
several	  plant	  species.	  The	  anthocyanin	  biosynthetic	  pathway	  genes	  and	  several	  regulatory	  
factors	  have	  been	  identified	  from	  studies	  of	  Arabidopsis,	  maize,	  petunia,	  snapdragon,	  and	  
other	   species	   (chapter	   2;	   Broun	   2005;	   Dixon	   et	   al.,	   2005;	   Koes	   et	   al.,	   2005;	   Grotewold	  
2006).	   Natural	   mutants	   have	   allowed	   to	   describe	   and	   characterize	   many	   steps	   of	   the	  
anthocyanin	   pathway,	   since	   mutations	   in	   biosynthetic	   genes	   can	   lead	   to	   phenotypic	  
changes	  (Espley	  et	  al.,	  2009).	  For	  example,	  mutations	  caused	  by	  the	  insertion	  or	  deletion	  
of	  transposons	  into	  and	  from	  structural	  genes	  like	  chalcone	  synthase	  (Habu	  et	  al.,	  1998),	  
dihydroflavonol	  4-­‐reductase	  (Inagaki	  et	  al.,	  1994),	  and	  anthocyanin	  synthase	  (Hisatomi	  et	  
al.,	  1997)	  can	  cause	  flower	  color	  polymorphism.	  	  
Therefore,	  detailed	  information	  of	  the	  sequence	  of	  reactions	  are,	  now,	  available	  
(Jaakola	  et	  al.,	  2002;	  Bovy	  et	  al.,	  2007)	  and	  many	  enzymes	  required	  for	  the	  production	  of	  
different	  flavonoid	  classes	  have	  been	  identified	  (Holton	  and	  Cornish,	  1995;	  Winkel-­‐Shirley,	  
2001).	   The	   biosynthesis	   of	   anthocyanins	   and	   other	   flavonoids	   in	   plant	   tissues	   includes	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precursors	   from	   both	   the	   shikimate	   and	   the	   acetate-­‐malonate	   pathways	   via	   several	  
enzymatic	   steps	   (Dooner	   et	   al.,	   1991;	   Awad	   et	   al.,	   2000).	   Two	   classes	   of	   genes	   are	  
required	   for	   anthocyanin	   biosynthesis,	   the	   structural	   genes	   encoding	   the	   enzymes	   that	  
are	   directly	   involved	   in	   the	   production	   of	   anthocyanins	   and	   other	   flavonoids,	   and	   the	  
regulatory	   genes	   that	   control	   the	   transcription	   of	   structural	   genes	   (Jaakola	   et	   al.,	   2002;	  
Gould	   et	   al.,	   2008).	   Transcriptional	   regulation	   of	   structural	   genes	   represents	   a	   major	  
mechanism	   by	   which	   anthocyanin	   biosynthesis	   is	   modulated	   in	   plants.	   R2R3-­‐MYB	   and	  
basic	  helix-­‐loop-­‐helix	  (bHLH)	  transcription	  factors	  as	  well	  as	  WD40	  proteins	  represent	  the	  
three	  major	   families	   of	   anthocyanin	   regulatory	   proteins	   (Quattrocchio	   et	   al.,	   1999).	   As	  
described	   in	   chapter	   2,	   these	   regulators	   interact	   in	   complexes,	   thus	   activating	   the	  
expression	  of	  anthocyanin	  structural	  genes	  (Goff	  et	  al.,	  1992;	  Grotewold	  et	  al.,	  2000).	  All	  
these	  genes	   influence	  the	   intensity	  and	  pattern	  of	  anthocyanin	  biosynthesis	   (Holton	  and	  
Cornish,	  1995).	  
Tomato	  (Solanum	  lycopersicum	  L.)	   is	  an	  excellent	  candidate	  for	  the	  study	  of	  the	  
modulation	   of	   the	   biosynthesis	   of	   flavonoids,	   since	   it	   is	   among	   the	   most	   important,	  
commonly	   consumed	  vegetables	   in	  human	  diets	  worldwide	   (Bovy	  et	  al.,	   2002;	  Willits	  et	  
al.,	  2005).	  Furthermore,	  tomato	  fruits	  represent	  typical	  vegetables	  of	  the	  Mediterranean	  
diet	   and	   are	   naturally	   devoid	   of	   anthocyanins	   (Torres	   et	   al.,	   2005;	   Mes	   et	   al.,	   2008;	  
Gonzali	  et	  al.,	  2009).	  
	  
Anthocyanins	  in	  tomato	  
In	   tomato,	   the	  anthocyanin	  biosynthetic	  pathway	  has	  been	  described	  (Bovy	  et	  al.,	  2007;	  
Gonzali	  et	  al.,	  2009)	  and	  most	  of	  the	  genes	  involved	  in	  anthocyanin	  production	  have	  been	  
identified	  and	  characterized	  (Figure	  1;	  De	  Jong	  et	  al.,	  2004;	  Zuluaga	  et	  al.,	  2008;	  Gonzali	  et	  
al.,	  2009).	  	  
Tomato	  plants	  contain	  a	  variety	  of	  flavonoids	  in	  their	  vegetative	  tissues,	  including	  
anthocyanins	  (Mes	  et	  al.,	  2008).	  In	  tomato	  fruit,	  however,	  only	  small	  amounts	  of	  flavonoid	  
biosynthetic	   intermediates	   are	   accumulated,	   whereas	   anthocyanins	   are	   usually	   not	  
synthesized	   (Torres	  et	  al.,	   2005;	  Mes	  et	  al.,	   2008).	  Nevertheless,	   several	   tomato	  mutant	  
alleles	   result	   in	   altered	   levels	   of	   anthocyanin	   accumulation	   in	   fruits	   and/or	   vegetative	  
tissues.	   They	   have	   been	   isolated	   and	   catalogued	   as	  monogenetic	   stocks	   by	   the	   Tomato	  
Genetic	   Resource	   Center,	   (TGRC,	   University	   of	   California,	   Davis,	   http://tgrc.ucdavis.edu).	  
These	   accessions	  display	  phenotypes	   characterized	  by	   intensification	   (Table	   I),	   partial	   or	  
complete	   absence	   (Table	   II),	   or	   any	  other	   form	  of	   anthocyanin	   alteration	   (Table	   III).	   For	  
instance,	  Anthocyanin	  fruit	  (Aft,	  accession	  LA1996;	  described	  also	  in	  chapters	  4	  and	  5,	  and	  
shown	   in	   Figure	   2b)	   and	   Aubergine	   (Abg,	   accession	   LA3668)	   lines	   display	   anthocyanin	  
accumulation	  in	  the	  fruit	  (reviewed	  by	  Gonzali	  et	  al.,	  2009;	  Table	  I).	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Figure	   1.	   Schematic	   representation	   of	   the	   anthocyanin	   biosynthetic	   pathway	   and	   its	  
regulation	   in	   tomato.	   PAL,	   phenylalanine	   ammonia	   lyase;	   4CL,	   4	   coumarate:	   coenzyme	   A	  
ligase;	   C4H,	   cinnamate	   4-­‐hydroxylase;	   C3H,	   4	   coumarate	   3	   hydroxylase;	   CHS,	   chalcone	  
synthase;	   CHI,	   chalcone	   isomerase;	   F3H,	   flavanone-­‐3	   hydroxylase;	   F3'H,	   flavonoid-­‐3'-­‐
hydroxylase;	   F3'5'H,	   flavonoid	   3'5'-­‐hydroxylase;	   FLS,	   flavonol	   synthase;	   DFR,	  
dihydroflavonolreductase;	   ANS,	   anthocyanidin	   synthase;	   3-­‐GT,	   flavonoid	   3-­‐
Oglucosyltransferase;	  RT,	   flavonoid	   3-­‐O-­‐glucoside-­‐rhamnosyltransferase;	  AAC,	   anthocyanin	  
acyltransferase;	  5-­‐GT,	   flavonoid-­‐5	  glucosyltransferase;	  GST,	  glutathione-­‐S-­‐transferase;	  PAT,	  
putative	  anthocyanin	  transporter	  (source:	  Gonzali	  et	  al.,	  2009).	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Figure	   2.	   Overview	   of	   anthocyanin-­‐enriched	   tomatoes.	   Source:	   Gonzali	   et	   al.,	   2009	  
(modified).	  
a.	  Solanum	  chilense	  Dunal	  fruit.	  
b.	  S.	  lycopersicum	  fruits	  with	  the	  gene	  Aft.	  
c.	  S.	  lycopersicum	  plant	  with	  the	  gene	  atv.	  
d-­‐e-­‐f.	  S.	  lycopersicum	  fruit	  with	  both	  the	  genes	  Aft	  and	  atv.	  
	  
	  
In	   particular,	   Aft	   is	   a	   dominant	   gene	   which	   has	   been	   introgressed	   into	  
domesticated	   tomato	   plants	   by	   an	   interspecific	   cross	   with	   S.chilense	   (Figure	   2a-­‐b).	   The	  
recessive	   gene	   atroviolacea	   (atv),derived	   from	   the	   interspecific	   cross	   with	   Solanum	  
cheesmaniae	   (L.	   Riley)	   Fosberg,	   has	   been	   shown	   to	   stimulate	   strong	   anthocyanin	  
pigmentation	   in	   leaves	  and	  stems	   (Figure	  2c;	  Table	   I;	  Gonzali	  et	  al.,	  2009).	   Interestingly,	  
fruits	   with	   both	   Aft	   and	   atv	   alleles	   show	   a	   much	   higher	   production	   of	   anthocyanins,	  
although	  this	  is	  limited	  to	  the	  peel	  of	  the	  fruit	  (Figure	  2d-­‐e-­‐f;	  Gonzali	  et	  al.,	  2009).	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On	   the	   other	   hand,	   the	   genes	   anthocyaninless	   (a),	   anthocyanin	   absent	   (aa),	  
entirely	  anthocyaninless	   (ae),	  anthocyanin	   free	   (af),	  anthocyanin	  gainer	   (ag),	   incomplete	  
anthocyanin	   (ai),	  anthocyanin	   loser	   (al),	  anthocyanin	   reduced	   (are),	  without	  anthocyanin	  
(aw),	  and	  baby	  lea	  syndrome	  (bls),	  negatively	  regulate	  the	  production	  of	  anthocyanins	  in	  
vegetative	  tissues	  (Table	  II).	  Furthermore,	  mutations	  like	  aw	  and	  bls,	  were	  found	  not	  only	  
to	  completely	  inhibit	  anthocyanin	  biosynthesis,	  but	  also	  to	  be	  associated	  with	  alterations	  
in	  seed	  morphology	  and	  testa	  histochemistry	  (Atanassova	  et	  al.,	  2004).	  
The	  identity	  of	  many	  mutations	  leading	  to	  absence	  or	  reduction	  of	  anthocyanins	  
in	   tomato	   has	   still	   to	   be	   revealed.	   However,	   mapping	   and	   candidate	   genes	   analyses,	  
together	  with	  linkage	  studies,	  have	  suggested	  possible	  candidates	  for	  most	  mutations.	  De	  
Jong	   et	   al.	   (2004)	   reported	   an	   association	   between	   the	   tomato	   ag	   locus	   and	   petunia	  
anthocyanin2	   (AN2).	   Similarly,	   the	   tomato	   af	   locus	   is	   associated	   with	   tomato	   chalcone	  
isomerase	   (CHI),	   whereas	   the	   anthocyanidin	   synthase	   (ANS)	   gene	   constitutes	   a	   good	  
candidate	   for	   the	   tomato	  ae	  mutation	   (De	   Jong	   et	   al.,	   2004).	   The	   tomato	  are	  mutation	  
could	  be	  associated	   to	  a	  mutation	   that	  directly	   interferes	  with	  F3H	   function	   (De	   Jong	  et	  
al.,	  2004).	  Indeed,	  F3H	  enzyme	  activity	  is	  abolished	  in	  the	  are	  mutant	  (Yoder	  et	  al.,	  1994).	  
The	  tomato	  a	  gene	  is	  hypothesized	  to	  encode	  F3’5’H.	  In	  fact,	  a	  portion	  of	  the	  gene	  F3’5’H	  
was	   sequenced	   in	   the	   anthocyaninless	   (a)	   mutant,	   and	   a	   premature	   stop	   codon	   was	  
observed	   in	   an	  a	  mutant,	   but	   not	   in	   the	  wild	   type	   (De	   Jong	   et	   al.,	   2004).	  On	   the	   other	  
hand,	   up	   to	  now	   is	   not	   possible	   to	  make	   convincing	  predictions	   about	   the	  origin	  of	   the	  
tonato	   aa,	  bls,	   and	   al	   mutations.	   According	   to	   De	   Jong	   et	   al.	   (2004),	   it	   is	   possible	   that	  
tomato	  bls	  corresponds	  to	  petunia	  anthocyanin11	  (AN11),	  and	  that	  tomato	  al	  codes	  for	  a	  
bHLH	   protein	   similar	   to	   petunia	   JAF13.	   Furthermore,	   other	   tomato	   mutants	   unable	   to	  
synthesize	   anthocyanins	   have	   been	   isolated	   after	   treatment	   of	   wild	   type	   seeds	   to	  
chemical	  mutagenesis	  	  (Bacci	  et	  al.,	  1999).	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Table	  I.	  List	  of	  tomato	  mutants	  displaying	  intensification	  of	  anthocyanin	  pigmentation.	  The	  
origin	  of	   each	  mutation	   is	   specified	  as	  either	   spontaneous	   (SPON)	  or	   induced	  by	   chemical	  
treatment	  (CHEM)	  or	  irradiation	  (RAD).	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Table	   II.	   List	   of	   tomato	   mutants	   displaying	   absence	   or	   reduction	   of	   anthocyanins	   in	  
vegetative	  tissues.	  The	  origin	  of	  each	  mutation	  is	  specified	  as	  either	  spontaneous	  (SPON)	  or	  
induced	  by	  chemical	  treatment	  (CHEM)	  or	  irradiation	  (RAD).	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Table	   III.	   List	   of	   tomato	   mutants	   displaying	   anthocyanin	   alteration	   as	   a	   secondary	  
phenotype.	   The	   origin	   of	   each	   mutation	   is	   specified	   as	   either	   spontaneous	   (SPON)	   or	  
induced	  by	  chemical	  treatment	  (CHEM)	  or	  irradiation	  (RAD).	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Chapter	  2	  
	  
Specification	  of	  anthocyanin	  pigmentation	  patterns	  in	  plants	  
with	  Francesca	  Quattrocchio	  and	  Ronald	  Koes	  
	  
	  
1.1	  Anthocyanins:	  natural	  functions	  and	  possible	  applications	  	  
Plant	  secondary	  metabolism	  involves	  the	  production	  of	  a	  wide	  array	  of	  molecules	  that	  are	  
not	  essential	  for	  basic	  growth	  and	  development,	  but	  have	  important	  roles	  in	  resistance	  to	  
stress,	   pollination	   and	   seed	   dispersion,	   as	   well	   as	   in	   the	   interaction	   of	   plants	   with	  
microbes,	  fungi,	  and	  other	  plants	  (Nascimento	  and	  Fett-­‐Neto,	  2010).	  	  
Anthocyanins	  represent	  a	  class	  of	  flavonoid/phenolic	  secondary	  metabolites	  that	  
confer	  pigmentation,	  providing	  the	  red	  and	  blue/purple	  colours	  familiar	   in	  many	  flowers	  
and	   fruits	   (Holton	   and	   Cornish,	   1995).	   These	   compounds	   are	   synthesized	   to	   attract	  
pollinators	  and	  other	  animals	   for	   seed	  dispersal,	   and	  are	   stored	   in	   the	  acidic	   vacuole	  of	  
specialized	  cells	  (Holton	  and	  Cornish,	  1995;	  Koes	  et	  al.,	  2005;	  Tanaka	  and	  Ohmiya,	  2008).	  
Anthocyanin	  accumulation	  has	  been	  shown	  to	  have	  a	  large	  repertoire	  of	  functions	  ranging	  
from	  signalling	  fruit	  quality	  and	  ripening	  (Willson	  and	  Whelan,	  1990),	   	  protection	  against	  
various	   kind	  of	  biotic	   and	  abiotic	   stresses	   in	   vegetative	   tissues,	   providing	  a	   screen	   from	  
photoinhibition	  caused	  by	  high	  levels	  of	  visible	  light	  (Smillie	  and	  Hetherington,	  1999),	  and	  
protection	  from	  oxidative	  damage	  (Neill	  and	  Gould,	  2003).	  
The	  attractive	  purple	   tomatoes	  producing	  anthocyanins	   in	   their	   skin	   (Figure	  2A;	  
described	  in	  chapters	  1,	  4	  and	  5)	  are	  just	  an	  example	  of	  coloured	  fruits,	  as	  in	  nature	  many	  
types	   of	   berries	   show	   intense	   anthocyanin	   pigmentation.	   The	   esthetical	   value	   of	  
anthocyanins	   in	   fruits,	   cut	   flowers	   and	   decorative	   plants	   confers	   commercial	   value	   to	  
these	   compound,	   and	   the	   vast	   knowledge	   available	   on	   the	   molecular	   biology	   of	  
anthocyanin	  synthesis	  allows	  the	  modification	  of	  flower	  colour,	  for	  example	  in	  ornamental	  
crops.	   In	   1987,	   Meyer	   and	   colleagues	   demonstrated	   for	   the	   first	   time	   that	   genetically	  
modified	  (GM)	  plants	  can	  contribute	  significantly	  to	  breeding	  of	  new	  colors	  in	  ornamental	  
cultivars.	   Although	   until	   now	   only	   few	   commercial	   GM	  ornamental	   varieties	   are	   on	   the	  
market,	   it	   is	   expected	   that	   more	   products	   will	   appear	   over	   the	   next	   years,	   when	   GM	  
plants	  -­‐in	  particular	  for	  non-­‐food	  crops-­‐	  might	  become	  more	  acceptable	  to	  the	  consumers	  
and	   to	   the	   authorities.	   	   Huge	   opportunities	   for	   application	   of	   GM	   plants	   in	   the	   flower	  
business	  are	  waiting	  to	  be	  exploited.	  An	  interesting	  example	  is	  the	  possibility	  of	  creating	  
cultivars	   of	   chrysanthemum,	   gerbera,	   and	   rose	   harbouring	   blue	   flowers	   by	   engineering	  
the	  anthocyanin	  pathway	  towards	  the	  accumulation	  of	  delphinidin-­‐derived	  anthocyanins	  
(Tanaka	  and	  Brugliera,	  2007;	  Gould	  et	  al.,	  2008).	  Genetically	  modified	  carnation	  cultivars,	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such	  as	  “MoonshadowTM”	  and	  “MoonlightTM”,	  are	  already	  available.	  These	  transgenic	  lines	  
represent	   two	   interesting	   examples	   of	   new	   varieties	   displaying	   modified	   flower	   colour	  
(http://www.gmo-­‐compass.org/eng/gmo/db/92.docu.html).	   Petals	   of	   “MoonshadowTM”,	  
accumulate	  delphinidin	  derivatives	  that	  contain	  an	  additional	  hydroxyl	  group	  at	  the	  C-­‐5’,	  
compared	   to	   the	   anthocyanins	   accumulated	   by	   common	   carnation.	   This	   has	   been	  
achieved	   by	   introducing	   a	  DFR	   and	   the	   F3’5’H	   genes	   from	  petunia	   in	   a	  white	   carnation	  
variety	  (a	  dfr	  mutant;	  Tanaka	  et	  al.,	  2009).	  Also	  pink-­‐flowered	  varieties	  of	  lobelia	  (Lobelia	  
erinus)	   have	   been	   transformed	   with	   F3’5’H	   from	   lisianthus,	   and	   this	   has	   lead	   to	   the	  
introduction	  of	  delphinidin	  synthesis	  and	  blue	  flower	  colour	  (Tanaka	  et	  al.,	  2005).	  Already	  
in	   2004,	   the	   Japanese	   company	   Suntory,	   produced	   the	   first	   biotechnology-­‐driven	   “Blue	  
Roses”	   by	   transformation	   	   of	   a	   F3’5’H	   gene,	  
(http://www.suntory.com/news/2004/8826.html).	   A	   new	   GM	   rose	   variety	   (“Blue	   Rose	  
APPLAUSE”)	   produced	   recently	   by	   the	   same	   company,	   displays	   100%	   blue	   pigments	  
(delphinidin)	   in	   the	   petals	   (http://www.suntory.com/news/2009/10592.html).	   The	  
positive	   reaction	   of	   the	  market	   to	   these	   new	   products	   gives	   reason	   to	   think	   that	  more	  
transgenic	  varieties	  will	  be	  developed	  for	  commercially	  interesting	  species.	  
Besides	   their	   attractive	   and	   protective	   roles	   in	   plants,	   a	   growing	   interest	   for	  
anthocyanins	  comes	  from	  findings	  related	  to	  their	  health	  properties	  in	  human	  diet,	  and	  to	  
possible	  applications	  in	  the	  preparation	  of	  cosmetics	  like	  crèmes	  and	  other	  products.	  Over	  
the	   past	   decade	   we	   became	   aware	   of	   a	   vast	   array	   of	   health	   benefits	   arising	   from	   the	  
consumption	   of	   fruits	   and	   vegetables	   in	   relation	   to	   the	   presence	   of	   secondary	   plant	  
metabolites,	   including	   anthocyanins	   and	   other	   flavonoids,	   because	   of	   their	   well-­‐
documented	   anti-­‐oxidant	   effects	   (Prior,	   2003).	   Anthocyanins	   entered	   the	  human	  diet	   in	  
ancient	  times	  and	  have	  also	  been	  part	  of	  the	  traditional	  herbal	  medicines	  used	  by	  North	  
American	   Indians,	  Europeans,	  and	  Chinese.	  Anthocyanin-­‐rich	  extracts	   (habitually	  derived	  
from	  dried	   leaves,	   berries,	   storage	   roots,	   or	   seeds)	   have	   been	   used	   historically	   to	   treat	  
diverse	   conditions	   like	   hypertension,	   pyrexia,	   liver	   disorders,	   dysentery	   and	   diarrhea,	  
kidney	   stones	   and	   urinary	   tract	   infections,	   and	   the	   common	   cold	   (Konczak	   and	   Zhang,	  
2004).	  	  
In	  more	  recent	  times,	  anthocyanins	  have	  been	  shown	  to	  be	  active	  in	  preventing	  
coronary	   heart	   disease	   and	   cholesterol-­‐induced	   atherosclerosis	   and	   have	   anti-­‐
inflammatory	  and	  anticarcinogenic	  activities	  (Prior,	  2003;	  Lila,	  2004;	  Galvano	  et	  al.,	  2007).	  
A	   still	   increasing	   number	   of	   scientific	   studies	   have	   shown	   that	   anthocyanins	   improve	  
vision	   and	   blood	   circulation	   (Konczak	   and	   Zhang,	   2004),	   decrease	   capillary	   permeability	  
and	   fragility,	   and	   are	   involved	   in	   membrane	   strengthening	   (Lila,	   2004).	   Although	   the	  
biological	  effects	  of	  anthocyanins	  and	  flavonoids	  are	  ascribed	  to	  their	  antioxidant	  activity	  
(Pietta,	  2000),	  it	  is	  also	  proposed	  that	  they	  may	  affect	  signalling	  pathways	  in	  animal	  cells	  
(Meiers	  et	  al.,	  2001;	  Williams	  and	  Grayer,	  2004).	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Whatever	   the	   real	   origin	   of	   their	   precious	   properties,	   it	   is	   certain	   that	   the	  
presence	  of	  high	   levels	  of	  anthocyanins	  and	  other	   flavonoids	   is	   a	  desirable	  attribute	   for	  
crops	   species.	   However,	   most	   crops	   contain	   sub-­‐optimal	   levels	   of	   such	   compounds,	  
therefore	   an	   increasing	   number	   of	   approaches	   have	   been	   adopted	   to	   stimulate	   the	  
production	   of	   flavonoids	   in	   plants	   (Schijlen	   et	   al.,	   2004).	   Due	   to	   the	   effect	   of	   these	  
compounds	   on	   human	   health,	   the	   production	   of	   food	   plant	   varieties	   with	   increased	  
contents	  in	  anthocyanins,	  could	  become	  one	  of	  the	  main	  targets	  of	  plant	  biotechnology	  in	  
the	  next	  years.	  
	  
1.2	  Anthocyanin	  biosynthesis	  and	  regulation	  
The	  ubiquitous	  and	  dispensable	  nature	  of	  pigments	   for	  plant	  viability	  has	  made	  possible	  
to	   identify	   flavonoid/anthocyanin	   mutants	   in	   several	   species.	   This	   has	   facilitated	   the	  
genetic	  and	  molecular	  dissection	  of	  the	  pathway,	  which	  is	  highly	  conserved	  among	  higher	  
plants.	  	  
Anthocyanins	   are	   synthesized	   through	   a	   branch	   of	   the	  more	   general	   flavonoid	  
biosynthetic	   pathway	   (Winkel-­‐Shirley,	   2001;	   Schijlen	   et	   al.,	   2004).	   The	   most	   common	  
anthocyanins	  were	  first	  isolated	  in	  Germany	  in	  1915,	  and	  included	  pelargonidin	  (from	  the	  
red	   form	   present	   in	   Pelargonium,	   geranium),	   cyanidin	   (from	   the	   purple	   colour	   of	  
Centaurea	   cyanus),	   and	   delphinidin	   (from	   the	   blue	   colour	   of	   Delphinium).	   All	   other	  
anthocyanins	   originate	   from	   these	   compounds	   through	   different	   degrees	   of	  
hydroxylation,	  O-­‐methylation,	  glycosylation,	  and	  acylation	  (Schijlen	  et	  al.,	  2004).	  	  
Genes	   involved	   in	   this	   biosynthetic	   pathway	   belong	   to	   two	   different	   classes:	  
those	   encoding	   the	   enzymes	   that	   catalyze	   the	   step-­‐by-­‐step	   construction	   of	   the	  
anthocyanin	   molecule	   (structural	   genes),	   and	   those	   regulating	   the	   expression	   of	   the	  
structural	   genes	   (regulatory	   genes).	   Regulatory	   genes	   encode	   transcription	   factors	   (TFs)	  
and	  other	  regulatory	  proteins,	  which	  control	  the	  activity	  of	  the	  promoter	  of	  the	  structural	  
genes,	  modulating	  in	  this	  way	  the	  temporal	  and	  spatial	  coordination	  of	  their	  transcription.	  	  
Two	  main	  classes	  of	  TFs	  have	  been	  shown	  to	  regulate	  anthocyanin	  production	  in	  
all	  studied	  species:	  R2R3	  MYB-­‐type	  and	  bHLH-­‐type	  TFs	  (Schijlen	  et	  al.,	  2004;	  Quattrocchio	  
et	  al.,	  2006;	  Allan	  et	  al.,	  2008).	  	  
The	   current	   idea	   of	   the	   regulation	   of	   anthocyanin	   biosynthesis	   is	   based	   on	   a	  
multitude	  of	  experimental	  data	   indicating	  that	  these	  two	  types	  of	  TFs	  physically	   interact	  
with	   each	   other	   and,	   together	  with	   a	   “WD40”	   repeat	   factor	   (WDR),	   form	   a	  MYB-­‐bHLH-­‐
WDR	  transcription	  complex	  directly	   responsible	   for	   the	  activation	  of	   the	   structural	  gene	  
transcription	   (Koes	   et	   al.,	   2005;	   Quattrocchio	   et	   al.,	   2006).	   The	   physical	   interaction	  
between	  these	  TFs	  is	  mediated	  by	  a	  specific	  motif	  in	  the	  R3	  repeat	  of	  the	  MYB	  domain	  and	  
the	  N-­‐terminal	   region	  of	   the	  bHLH	  protein	   (Goff	  et	  al.,	  1992;	  Zimmermann	  et	  al.,	  2004).	  
The	  WD40	   regulators	   are	  proposed	   to	  work	   through	  post-­‐translational	   activation	  of	   the	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MYB-­‐bHLH	   complex.	   Several	   studies,	   among	  which	   the	   ones	  mentioned	   in	   this	   chapter,	  
contributed	  to	  a	  model	  for	  the	  regulatory	  network	  controlling	  anthocyanin	  synthesis	  and	  
accumulation	   that	   has	   proven	   to	   be	   conserved	   in	   all	   plant	   species	   investigated	   so	   far	  
(Figure	  1).	  
	  
	  
	  
Figure	  1.	  Transcription	  factors	  belonging	  to	  the	  MYB-­‐bHLH-­‐WD40	  gene	  families	   involved	  in	  
anthocyanin	  regulation	  in	  different	  model	  species.	  	  
	  
	  
1.3	  Anthocyanins	  in	  flowers	  	  
Pigmentation	  in	  flowers	  is	  coupled	  with	  the	  choice	  of	  some	  plants	  to	  attract	  pollinators	  in	  
order	  to	  efficiently	  produce	  offsprings.	  Most	  of	  the	  pink,	  red,	  orange,	  scarlet,	  purple,	  and	  
blue	   pigments	   found	   in	   flowers	   are	   anthocyanins.	   Other	   flavonoids,	   such	   as	   aurones,	  
chalcones,	   and	   some	   flavonols,	   carotenoids	   and	   other	   minor	   pigments,	   play	   a	   more	  
limited	  role	  in	  flower	  colour	  (Gould	  et	  al.,	  2008).	  	  
Flower	   pigmentation	   is	   a	   key	   factor	   in	   the	   pollination	   strategy	   (pollination	  
syndrome).	   In	   insect-­‐pollinated	   species,	   single-­‐gene	  mutations	   can	   lead	   to	  modifications	  
in	   flower	   color	   and	   in	   this	   way	   affect	   the	   number	   of	   visits	   by	   the	   chosen	   pollinator	   or	  
favour	   those	  of	   alternative	  ones.	  Both	   conditions	  are	  not	   favourable	   to	   reproduction	  as	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they	   result	   in	   a	   lower	   number	   of	   successful	   visits	   (Bradshaw	   and	   Schemske,	   2003;	  
Hoballah	  et	  al.,	  2007).	  
Specific	   pigmentation	   patterns	   are	   crucial	   to	   determine	   the	   rate	   of	   successfull	  
pollinations	  by:	  i)	  influencing	  the	  number	  of	  visits	  and	  the	  effectiveness	  of	  pollen	  transfer,	  
and	  ii)	  providing	  guides	  for	  the	  location	  of	  pollen	  and	  nectar,	  or	  for	  more	  suitable	  landing	  
regions	  on	  the	  flower	  (Shang	  et	  al.,	  2011).	  
Specific	   pigmentation	   patterns	   can	   be	   observed	   in	   flowers	   of	   different	   plant	  
species.	  These	  patterns	  are	  highly	  variable	  in	  different	  species,	  but	  also	  among	  flowers	  of	  
the	   same	   species	   in	   relation	   to	   age,	   and	   even	   among	   different	   areas	   inside	   the	   same	  
corolla	   (Shang	  et	  al.,	  2011).	  The	  display	  of	  pigmentation	  patterns	  on	  petals	   includes	   the	  
generation	  of	  spots,	  stripes,	  irregular	  blotches,	  venation,	  or	  combination	  of	  these,	  due	  to	  
the	  different	  colouration	  of	  individual	  cells	  within	  the	  corolla	  (Sasaki	  and	  Takahashi,	  2002;	  
Medel	  et	  al.,	  2003;	  Heuschen	  et	  al.,	  2005;	  Lunau	  et	  al.,	  2006;	  Ushimaru	  et	  al.,	  2007;	  Shang	  
et	  al.,	  2011).	  	  	  
Many	  studies	  describe	  how	  anthocyanin	  biosynthesis	  is	  regulated	  in	  species	  that	  
present	  different	  reproductive	  strategies.	  The	  white-­‐flowering	  model	  plant	  Arabidopsis	  is	  
wind	   pollinated	   and	   the	   coloured	   flower	   species	   Antirrhinum	   and	   petunia	   are	   both	  
pollinated	   by	   insects.	   The	   comparison	   of	   the	   regulation	   of	   anthocyanin	   production	   in	  
species	   with	   different	   pigmentation	   patterns	   gives	   the	   opportunity	   to	   understand	   how	  
such	  differences	  are	  generated.	  
	  
1.3.1	  Anthocyanins	  in	  Arabidopsis	  
In	  Arabidopsis,	  anthocyanins	  accumulate	  in	  vegetative	  tissues,	  whereas	  they	  are	  absent	  in	  
the	  flower.	   In	  particular,	  anthocyanins	  and	  other	  flavonoid	  pigments	  can	  be	  produced	   in	  
variable	  amounts	  in	  leaves,	  stems,	  sepals,	  trichomes,	  and	  seed	  coats,	  depending	  on	  light	  
level,	   presence	   or	   absence	   of	   stresses,	   and	   nutrition,	  while	   they	   are	   not	   synthesized	   in	  
roots,	  petals,	  or	  stamens	  (Figure	  2B).	  
The	   major	   anthocyanins	   found	   in	   Arabidopsis	   are	   glycosylated	   and	   acylated	  
cyanidin	  derivatives	  (Bloor	  and	  Abrahams,	  2002).	  The	  MYB	  proteins	  PAP1,	  PAP2,	  MYB113,	  
MYB114,	  and	  MYBL2	  	  have	  been	  shown	  to	  be	  involved	  in	  anthocyanin	  biosynthesis	  in	  this	  
species	   (Borevitz	   et	   al.,	   2000;	   Dubos	   et	   al.,	   2008;	   Gonzalez	   et	   al.,	   2008;	   Matsui	   et	   al.,	  
2008).	   The	   R2R3-­‐MYB	   PAP1,	   PAP2,	   MYB113,	   and	   MYB114	   activate	   tissue-­‐specific	  
anthocyanin	   accumulation	   (Borevitz	   et	   al.,	   2000;	   Gonzalez	   et	   al.,	   2008).	   Another	   R2R3-­‐
MYB,	  named	  TT2,	   controls	   the	  proanthocyanidin	  production	   in	   seeds	   (Nesi	  et	  al.,	  2000),	  	  
while,	   the	   R3-­‐MYB	   protein	  MYBL2	   inhibits	   anthocyanin	   biosynthesis	   by	   interfering	   with	  
the	  formation	  of	  the	  MYB-­‐bHLH-­‐WD40	  complex	  (Dubos	  et	  al.,	  2008;	  Matsui	  et	  al.,	  2008).	  
In	   general,	   expression	   of	   any	   of	   the	   R2R3-­‐MYB	   activators	   from	   the	  35SCaMV	   promoter	  
results	  in	  induction	  of	  anthocyanin	  production	  (Borevitz	  et	  al.,	  2000;	  Gonzalez	  et	  al.,	  2008)	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while	   expression	   of	   any	   of	   the	   anthocyanin	   related	   R3-­‐MYBs	   from	   the	   same	   promoter	  
reduces	   anthocyanin	   pigmentation.	   Besides	   its	   role	   in	   specifying	   the	   fate	   of	   epidermal	  
cells,	   the	   R3-­‐MYB	   CAPRICE	   (CPC)	   represses	   anthocyanin	   production	   when	   ectopically	  
expressed	  in	  Arabidopsis	  (Zhang	  et	  al.,	  2009)	  and	  in	  the	  heterologous	  hosts	  tobacco	  (Zhu	  
et	  al.,	  2009)	  and	  petunia	  (Kroon,	  2004).	  	  
The	   combination	   of	   activator-­‐	   and	   repressors-­‐MYBs	   to	   fine	   tune	   the	   pattern	   of	  
anthocyanin	   deposition	   has	   been	   shown	   in	   different	   species.	   Two	   bHLH	   factors	  
GLABROUS3	  (GL3),	  and	  ENHANCER	  OF	  GLABRA3	  (EGL3)	  control	  anthocyanin	  biosynthesis	  
in	   Arabidopsis	   vegetative	   tissues	   (Nesi	   et	   al.,	   2000;	   Zhang	   et	   al.,	   2003).	   A	   third	   bHLH	  
protein,	   TESTA	   GLABRA	   8	   (TT8)	   is	   involved	   in	   the	   regulation	   of	   proanthocyanin,	  
anthocyanin,	  and	  mucilage	  biosynthesis	  (Baudry	  et	  al.,	  2006).	  TT2	  overexpression,	  results	  
in	   ectopic	   expression	   of	   TT8	   e.g.	   in	   roots	   (Nesi	   et	   al.,	   2000),	   indicating	   that	   TT2	   may	  
regulate	   TT8,	   (similar	   to	   of	   the	  mechanisms	   shown	   in	   petunia	   for	   the	   induction	   of	  AN1	  
expression	  by	  AN2;	  Spelt,	  2000).	  	  	  
The	  WD40	  factor	  TTG1	  is	  required	  for	  anthocyanin	  synthesis,	  as	  well	  as	  trichome	  
development,	   root	   hair	   development,	   seed	   coat	   pigmentation	   and	  morphology	   and	   has	  
been	   shown	   to	  be	   functionally	   homologous	   to	   the	  petunia	  AN11	  protein	   (Walker	   et	   al.,	  
1999).	  
Other	  levels	  of	  regulation	  of	  pigment	  deposition	  are	  recently	  getting	  discovered.	  
For	   example,	   the	   coloration	   of	   the	   stems	   of	   Arabidopsis	   thaliana,	   (with	   the	   strongest	  
anthocyanin	  pigmentation	  at	  the	  junction	  between	  rosette	  and	  stem)	  is	  an	  accumulation	  
pattern	   controlled	   by	   the	   miR156-­‐targeted	   SQUAMOSA	   PROMOTER	   BINDING	   PROTEIN-­‐
LIKE	  (SPL)	  genes	  (Gou	  et	  al.,	  2011)	  otherwise	  	  known	  to	  be	  involved	  in	  flower	  transition.	  
Another	   example	   are	   three	   members	   of	   the	   LATERAL	   ORGAN	   BOUNDARY	  
DOMAIN	   (LBD)	   family,	   LBD37,	   LBD38,	   and	   LBD39	   which	   are	   negative	   regulators	   of	   the	  
anthocyanin	  pathway	  (Rubin	  et	  al.,	  2009).	  	  	  
	  
1.3.2	  Anthocyanin	  pigmentation	  in	  Antirrhinum	  
In	   the	  model	  plant	  Antirrhinum	  majus,	   yellow	  aurone	  and	  cyanidins	  are	  present	   in	  both	  
inner	  and	  outer	  epidermal	   layers	  of	   the	   corolla	   lobes	   (Schwinn	  et	  al.,	   2006).	   To	  a	   lesser	  
extent,	  cyanidins	  are	  also	  present	   in	  the	  epidermal	   layers	  of	  the	  corolla	  tube	  (Jackson	  et	  
al.,	   1992;	   Schwinn	   et	   al.,	   2006).	   The	   combination	   aurones/cyanidins	   provides	   a	   visual	  
target	   for	   pollinating	   bumblebees,	   attracting	   them	   to	   the	   mouth	   of	   the	   fused	   corolla	  
(Schwinn	  et	  al.,	  2006).	  	  
Distinct	   species	   of	   Antirrhinum	   display	   a	   lot	   of	   variation	   in	   intensity	   and	  
patterning	   of	   the	   anthocyanin	   pigments	   in	   the	   flower.	   Many	   of	   these	   species	   lack	  
anthocyanins	  (acyanics),	  or	  are	  very	  palely	  pigmented.	  However,	  also	  many	  palely	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Figure	  2.	  Pigmentation	  in	  different	  species.	  
(A)	  Common	  red	  tomato	  (Solanum	  lycopersicum	  L.)	  vs.	  anthocyanin-­‐producing	  tomato.	  
(B)	  White	  Arabidopsis	  (Arabidopsis	  thaliana	  L.)	  flower.	  Anthocyanins	  are	  not	  produced	  in	  the	  
corolla	  (photo	  taken	  from	  http://plantdev.bio.wzw.tum.de/).	  
(C)	  White	  “Carnegie	  Hyacinth”	  vs.	  anthocyanin	  pigmented	  “Blue	  Jacket	  Hyacinth”.	  
(D)	   Distinct	   varieties	   of	   tulips	   	   displaying	   different	   pigmentation	   (and/or	   morphological)	  
patterns.	  	  	  
(E)	  Varieties	  of	  Phalaenopsis	  displaying	  different	  pigmentation	  patterns.	  	  	  
	  
pigmented	  species	  display	  pigment	  stripes	  associated	  with	  the	  veins	   (venation;	  Shang	  et	  
al.,	  2011).	  
Different	   MYB	   and	   bHLH	   regulators	   of	   anthocyanin	   pigmentation	   have	   been	  
characterized	  in	  Antirrhinum	  majus	  which	  are	  involved	  in	  the	  formation	  of	  these	  patterns	  
of	  pigment	  deposition.	  	  The	  Delila	  gene	  encodes	  a	  bHLH	  factor	  required	  for	  the	  activation	  
of	  the	  late	  anthocyanin	  biosynthetic	  genes	  (LBGs)	  in	  the	  corolla	  tube	  (Martin	  et	  al.,	  1991;	  
Goodrich	  et	  al.,	  1992),	  while	  in	  the	  lobe,	  another	  bHLH	  gene,	  Mutabilis,	  acts	  redundantly	  
with	  Delila	  in	  activating	  the	  same	  target	  genes	  (Schwinn	  et	  al.,	  2006).	  
Three	   genes	   encoding	   related	  R2R3-­‐MYB	  proteins,	   named	  Rosea1,	  Rosea2,	   and	  
Venosa,	  control	  the	  intensity	  and	  pattern	  of	  anthocyanin	  pigmentation	  in	  the	  flower	  of	  A.	  
majus	   (Schwinn	  et	  al.,	  2006):	  Rosea1	   is	   involved	   in	   the	  corolla	  pigmentation	   in	  both	   the	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adaxial	   (inner)	   and	   abaxial	   (outer)	   epidermis,	   while	  Rosea2	   gives	   a	   weak	   pigmentation,	  
mainly	   in	   the	   adaxial	   epidermis	   of	   the	   corolla	   lobes	   (Schwinn	   et	   al.,	   2006;	   Shang	   et	   al.,	  
2011).	  
Venosa	  modulates	  anthocyanin	  production	  in	  adaxial	  epidermal	  cells	  that	  overlie	  
the	   veins	   of	   the	   corolla	   (venation).	   The	   activity	   of	   Rosea1-­‐2	   and	  Venosa	   are	   a	   primary	  
source	   of	   natural	   variation	   in	   patterning	   as	   shown	   by	   recent	   studies	   on	   distinct	  
Antirrhinum	   species	   that	   report	   how	   pigmentation	   differences	   observed	   in	   at	   least	   six	  
species	  are	  caused	  by	  variations	  in	  the	  activity	  of	  the	  Rosea	  and	  Venosa	   loci	  (Schwinn	  et	  
al.,	  2006).	  All	  these	  observations	  strongly	  suggest	  that	  R2R3-­‐MYB	  genes	  are	  major	  players	  
in	  the	  definition	  of	  flower	  pigmentation	  patterns	  (at	  least	  in	  Anthirrinum).	  	  
	  
1.3.3	  Anthocyanins	  in	  petunia	  
Petunia	   is	   a	   very	   good	  model	   for	   the	   study	   of	   anthocyanin	   biosynthesis,	   thanks	   to	   the	  
large	  collection	  of	  mutants	  affecting	  the	  flavonoid	  pathway	  and	  other	  aspects	  of	  pigment	  
accumulation	   available	   in	   this	   species	   (Mol	   et	   al.,	   1999).	   Petunia	   also	   displays	   different	  
domains	   of	   pigmentation	   which	   can	   independently	   accumulate	   pigment:	   	   petal	   limb,	  	  
flower	  tube,	  anthers,	  and	  vein-­‐associated	  accumulation	  of	  pigment.	  
In	   petunia,	   anthocyanin	   regulatory	   loci	   have	   been	   identified	  with	   the	   help	   of	   a	  
well-­‐established	   transposon	   tagging	   strategy.	   This	   approach	   has	   allowed,	   next	   to	   the	  
identification	   of	   many	   structural	   genes	   of	   the	   pathway,	   the	   isolation	   of	   the	   regulators	  
ANTHOCYANIN1	  (AN1),	  AN2,	  and	  AN11	  (deVetten	  et	  al.,	  1997;	  Quattrocchio	  et	  al.,	  1999;	  
Spelt	   et	   al.,	   2000).	   Another	   anthocyanin	   regulatory	   gene	   from	   petunia,	   encoding	   the	  
transcription	   factor	   JAF13,	   was	   isolated	   by	   homology	   with	   the	   maize	   anthocyanin	  
regulatory	  gene	  LEAF	  COLOUR	  (LC),	  followed	  by	  functional	  characterization	  (Quattrocchio	  
et	   al.,	   1998).	   All	   the	   above	  mentioned	   regulators	   control	   the	   anthocyanin	   pathway	   via	  
modulation	  of	  the	  transcription	  of	  the	  biosynthetic	  genes.	  	  
AN1	  and	  JAF13	  belong	  to	  two	  separate	  clades	  of	  bHLH	  proteins	  (Quattrocchio	  et	  
al.,	   1998):	   JAF13	  being	   closely	   related	   to	   the	  maize	   regulator	   LC,	   and	  AN1	   to	   the	  maize	  
INTENSIFIER1	   (IN1)	   which,	   on	   the	   contrary	   of	   AN1,	   is	   supposed	   to	   be	   an	   inhibitor	   of	  
anthocyanin	   accumulation.	   Functional	   analysis	   of	   AN1	   showed	   that	   it	   is	   instead	   an	  
activator	  of	  gene	  transcription	  and	  this	  apparent	  contradiction	  could	  be	  explained	  by	  the	  
presence	   of	   many	   IN1	   transcripts	   that	   are	   probably	   misspliced	   and	   encode	   truncated	  
proteins	  possibly	  behaving	  as	  inhibitors	  (Burr	  et	  al.,	  1996).	  	  
AN2,	   an	   R2R3-­‐MYB,	   activates	   anthocyanin	   biosynthesis	   in	   petunia	   petals	  
(Quattrocchio	  et	  al.,	  1999),	  and	  can	  interact	  with	  AN1,	  JAF13,	  and	  LC	  in	  yeast	  two	  hybrids	  
assays	   (Kroon,	   2004).	   The	   function	  of	  AN2	  appears	   to	   be	   redundant	   as	   pigmentation	  of	  
limbs	   is	  only	   reduced	   in	  an2	  mutants,	  while	  pigmentation	   in	  other	   tissues	  of	   the	   flower	  
like	  anthers,	  petal	  tube,	  pedicel,	  and	  seed	  coat	  is	  totally	  not	  affected	  (Quattrocchio	  et	  al.,	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1999).	   As	   described	   in	   chapter	   6	   of	   this	   thesis,	   additional	   genes,	   representing	   AN2	  
paralogs,	  are	  involved	  in	  the	  pigmentation	  of	  tubes	  and	  anthers.	  It	  is	  important	  to	  notice	  
that	  the	  ectopic	  expression	  of	  AN2	  driven	  by	  the	  35S	  promoter	  results	   in	   increased	  AN1	  
transcription	   in	   leaves	   (Spelt	   et	   al.,	   2000),	   indicating	   the	   existence	   of	   a	   hierarchy	   of	  
regulation.	  35S:AN2	  does	  however,	  not	   increase	  transcription	  of	  AN1	   in	  petals,	  and	  AN1	  
expression	   is	   not	   abolished	   in	   petals	   of	  an2	   loss-­‐of	   function	  mutants.	   Both	  AN2	   and	   its	  
paralog	  MYBb2/AN4	   appear	   to	   control	   AN1,	   but	   most	   probably	   according	   to	   a	   distinct	  
mechanism	  as	  in	  an2	  loss-­‐of	  function	  mutants,	  pigmentation	  in	  petals	  is	  affected,	  but	  AN1	  
transcripts	  are	  not	  (Spelt	  et	  al.,	  2000),	  while	  in	  an4	  mutants	  both	  pigmentation	  and	  AN1	  
transcription	  are	  lost	  in	  anthers	  (chapter	  6).	  	  	  
Another	   MYB,	   named	   DEEP	   PURPLE	   (DPL),	   controls	   anthocyanin	   production	   in	  
vegetative	   tissues	   and	   contributes	   to	   floral	   pigmentation	   (Albert	   et	   al.,	   2011).	   In	  
particular,	  DPL	   regulates	   anthocyanin	  pigmentation	   in	   the	   veins	  of	   the	   flower	   tube.	   The	  
MYB	   gene	   PHZ	   shown	   to	   be	   involved	   in	   light-­‐induced	   anthocyanin	   accumulation	   on	  
exposed	  petal	  surfaces	  (bud-­‐blush;	  Albert	  et	  al.,	  2011)	  turned	  out	  to	  be	  identical	  to	  MYBb.	  	  
MYBx	  is	  a	  single	  MYB	  repeat	  protein	  that	  interacts	  with	  AN1	  in	  yeast	  two	  hybrid	  
assays	   (Quattrocchio	   et	   al.,	   2006)	   and	   lacks	   a	   transcription	   activation	   domain	   (Kroon,	  
2004).	   MYBx	   is	   homologous	   to	   AtCAPRICE	   (CPC),	   it	   is	   expressed	   in	   developing	   flowers	  
(Kroon,	  2004)	  and	  is	  repressed	  under	  high	  light	  (Albert	  et	  al.,	  2011).	  The	  overexpression	  of	  
MYBx	  inhibits	  anthocyanin	  biosynthesis	  and	  vacuolar	  acidification	  in	  petals	  (Kroon,	  2004),	  
mimicking	   the	   an1	   mutant	   and	   suggesting	   that	   MYBx	   sequesters	   AN1	   into	   inactive	  
complexes,	  in	  this	  way	  repressing	  transcription	  of	  AN1	  target	  genes	  (Kroon,	  2004).	  
The	  WD40	  protein	  AN11	  required	  for	  the	  activation	  of	  anthocyanin	  biosynthesis	  
in	  all	  tissues	  (deVetten	  et	  al.,	  1997),	  is	  a	  cytosolic	  WD40	  repeat	  protein	  probably	  involved	  
in	   post-­‐translational	   control	   of	   the	   protein	   complex	   that	   activates	   anthocyanin	   genes	  
transcription,	  as	  supported	  by	  the	  observation	  that	  AN11	  can	  interact	  in	  yeast	  two	  hybrid	  
assay	  with,	  AN1,	  JAF13	  and	  AN4.	  	  
Finally,	  at	   least	  five	  other	  loci	  (Ve1,	  Ve2,	  Ve3,	  Fine	  venation	  and	  Anthocyanin12)	  
affect	  the	  incidence	  of	  venation	  in	  the	  corolla	  of	  petunia	  (Martin	  and	  Gerats,	  1993).	  Also	  
some	   other	   type	   of	   pigmentation	   patterns	   have	   been	   studied	   in	   detail,	   like	   the	   colour	  
flecks	   derived	   from	   transposon	   activity	   (van	   Houwelingen	   et	   al.,	   1999)	   and	   nonclonal	  
patterns	   such	   as	   “Red	   Star”	   and	   “picotee”	   patterns	   of	   petunia	   flowers	   that	   result	   from	  
endogenous	  short-­‐interfering	  RNA	  instability	  mechanisms	  (Koseki	  et	  al.,	  2005;	  Saito	  et	  al.,	  
2006).	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2.1	  Gene	  regulation	  and	  its	  impact	  on	  phenotypic	  variation	  
A	  huge	  amount	  of	  phenotypic	  variation	  can	  be	  observed	  in	  nature,	  but	  the	  molecular	  basis	  
of	   it	   is	   largely	   unknown.	   The	   interest	   in	   trying	   to	   understand	   how	   such	   variation	   could	  
originate,	   is	   the	   basis	   of	   a	   relatively	   new	   branch	   of	   biology,	   evolution	   of	   development	  
(EvoDevo),	  which	  has	  flourished	  in	  the	  last	  25	  years.	  	  
EvoDevo	   asks	   the	   question	   of	   how	   DNA	   sequence	   changes	   have	   directed	   the	  
evolution	   of	   morphological	   diversity	   (Goodman	   and	   Coughlin,	   2000).	   Starting	   from	   the	  
observation	   that	   gene	   sequences	   are	   often	   highly	   conserved	   among	   species	   with	   very	  
different	  “look”,	  the	  question	  to	  be	  asked	  is	  how	  highly	  conserved	  “master	  genes”	  could	  
during	  evolution	  generate	  the	  enormous	  variety	  of	  shapes,	  colors,	  and	  structures	  that	  we	  
observe	   in	   nature.	   Changes	   in	   expression	   pattern	   of	   these	   master	   regulators,	   by	  
modifications	   in	  cis-­‐regulatory	  regions	  (short,	  non-­‐coding	  DNA	  sequences	  controlling	  the	  
expression	  of	  a	  close	  gene),	  or	  changes	  in	  the	  protein-­‐coding	  regions	  of	  higher	  hierarchy	  
regulators,	  could	  be	  the	  origin	  of	  mutations	  affecting	  morphology.	  	  
One	   stream	   of	   EvoDevo,	   with	   as	   standard-­‐bearer	   Sean	   Carroll,	   proposes	   that	  
evolution	  of	  animal	  forms	  worked	  largely	  by	  modifications	  at	  cis-­‐regulatory	  sites.	  Another	  
stream,	  represented	  by	  Jerry	  A.	  Coyne,	  claims	  that	  modification	  in	  both	  the	  structure	  and	  
regulation	  of	  genes	  have	  been	  important	  in	  adaptation	  (Hoekstra	  and	  Coyne,	  2007).	  
An	  explicative	  example	  comes	  from	  the	  study	  of	   the	  homeobox-­‐containing	  HOX	  
transcription	  factors	  in	  animals.	  The	  HOX	  genes	  control	  body	  architecture	  (they	  direct	  the	  
specification	   of	   segmentation	   patterns	   along	   the	   anterior-­‐posterior	   body	   axis)	   and	   are	  
extremely	  conserved	  from	  insect	  to	  mammalians	  and	  from	  worms	  to	  amphibians.	  In	  spite	  
of	  the	  conservation	  of	  these	  master	  genes,	  these	  animals	  show	  impressive	  differences	  in	  
body	   structure,	   suggesting	   that	   the	   main	   source	   of	   variation	   is	   in	   modifications	   in	   the	  
expression	  of	  the	  conserved	  HOX	  genes.	  	  
The	  acquisition	  of	  new	  expression	  patterns	  during	  evolution	  could	  occur	  through	  
mutations	  in	  the	  cis-­‐regulatory	  regions	  of	  these	  genes.	  The	  few	  cases	  for	  which	  the	  origin	  
of	  differences	   in	  expression	  pattern	  has	  been	   studied	  mostly	  deal	  with	   the	  evolution	  of	  
animal	  form,	  and	  because	  of	  this,	  a	  general	  statement	  on	  the	  molecular	  basis	  of	  evolution	  
of	  patterns	  cannot	  be	  pronounced	  yet	  (Carroll,	  2008).	  
A	   “swapping”	   approach	   could	   be	   useful	   to	   investigate	   this	   subject	   in	   those	  
systems	  where	  this	  is	  possible.	  A	  candidate	  gene	  (including	  cis-­‐regulatory	  elements)	  from	  
a	  species/population	  displaying	  a	  certain	  pattern	  could	  be	  transferred	  (by	  transformation,	  
if	  possible)	  into	  a	  related	  species/population	  exhibiting	  a	  different	  pattern.	  If	  this	  result	  in	  
the	   derived	   trait,	   the	   candidate	   gene	   is	   responsible	   for	   the	   difference	   between	  
species/populations	  (Martin	  et	  al.,	  2010).	  Although	  this	  kind	  of	  approach	  is	  not	  of	  general	  
application	   for	   obvious	   technical	   obstacles,	   it	   could	   be	   easily	   applied	   to	   several	   plant	  
species.	  In	  figure	  3	  we	  report	  a	  scheme	  of	  how	  changes	  of	  cis	  elements	  in	  the	  promoter	  of	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genes	  encoding	  for	  master	  regulators,	  can	  result	  in	  dramatic	  changes	  in	  e.g.	  pigmentation	  
patterns	  in	  plants.	  
	  
2.2	  Gene	  regulation	  for	  the	  specification	  of	  patterns	  in	  plants	  
It	   is	  a	  common	  idea	  that	  variation	   in	  gene	  expression	  represents	  an	   important	  source	  of	  
phenotypic	  diversity.	  In	  any	  organism,	  the	  transcription	  of	  each	  gene	  is	  controlled	  by	  the	  
combination	  of	  activators	  and/or	  repressors	  which	  bind	  to	  cis-­‐elements	   in	   the	  promoter	  
of	  the	  gene,	  resulting	  in	  specific	  gene	  expression	  patterns	  (Figure	  3).	  	  
It	   could	   then	   be	   proposed	   that	   the	   differences	   among	   organisms	   that	   show	  
different	  patterns,	  can	  be	  explained	  by	  a	  substantial	  difference	  in	  number	  and/or	  type	  of	  
TFs.	  However,	  the	  sequence	  of	  the	  genomes	  of	  plants	  as	  different	  as	  Arabidopsis,	  poplar	  
(Populus	   spp.),	   and	   maize	   (Zea	   mays)	   showed	   that	   they	   contain	   a	   comparable	   set	   of	  
genes,	  including	  TFs	  (Britten	  and	  Davidson,	  1969;	  Martin	  et	  al.,	  2010).	  
Alternatively,	   the	   differences	   among	   species	   could	   originate	   from	   different	  
expression	  patterns	  of	  the	  very	  same	  set	  of	  TFs.	  In	  a	  recent	  review	  Martin	  and	  colleagues	  
(2010)	  pointed	  out	  that	  in	  a	  number	  of	  well	  studied	  cases,	  phenotypic	  variation	  originates	  
from	  changes	   in	  expression	  of	   lower	  order	   transcription	   factors.	  The	  advantage	   in	   fixing	  
mutations	   responsible	   for	   these	   variation,	   probably	   is	   the	   low	   number	   of	   pleiotropic	  
effects	  resulting	  from	  this	  changes.	  	  	  
The	  same	  mechanisms	  that	  in	  animals	  lead	  to	  the	  evolution	  of	  body	  architecture	  
orchestrated	   by	   HOX	   genes,	   could,	   in	   this	   optic,	   also	   be	   at	   the	   basis	   of	   the	   variation	  
observed	   in	   plants.	   Changes	   in	   cis	   elements	   in	   the	   promoters	   of	   transcription	   factors	  
controlling	  patterns	  like	  (e.g.)	  pigmentation,	  rather	  than	  in	  the	  proteins	  encoded	  by	  these	  
or	  higher	  level	  regulatory	  genes,	  could	  then	  be	  pointed	  out	  by	  analyzing	  the	  same	  genes	  in	  
species	  showing	  phenotypic	  differences.	  	  	  	  	  
However,	   changes	   that	   affect	   the	   functionality	   of	   cis-­‐acting	   motifs	   are	   often	  
difficult	  to	  detect	  also	  because	  phenotypic	  variation	  can	  be	  determined	  by	  differences	  in	  
regulatory	  motifs	   localized	  kilobases	  away	   from	  the	  coding	  sequence	  (Salvi	  et	  al.,	  2007).	  
Only	   the	   rigorous	   functional	   characterization	   of	   the	   promoter	   regions	   can	   solve	   each	  
specific	  case.	  One	  of	  the	  most	  effective	  approaches	  for	  the	  solution	  of	  this	  problem	  is	  that	  
of	  “swapping”	  candidate	  genes,	  as	  described	  in	  the	  previous	  paragraph.	  	  
Already	  more	   than	  a	  decade	  ago,	   there	  were	   sufficient	   convincing	  evidences	   to	  
support	   the	   view	   that	   changes	   in	   spatiotemporal	   expression	   patterns	   of	   genes	   are	  
responsible	  for	  the	  evolution	  of	  new	  morphological	  as	  well	  as	  biochemical	  traits	  (Doebley	  
and	  Lukens,	  1998).	  The	  idea	  that	  cis-­‐regulatory	  elements	  of	  transcriptional	  regulators	  are	  
the	  main	  site	  of	  action	  for	  evolution	  is	  now	  referred	  to	  as	  the	  “cisacting	  element	  model”	  
(Martin	   et	   al.,	   2010)	   and	   is	   nowadays	   supported	   by	   some	   	   evidence,	   like	   the	   ones	  
described	  in	  the	  following	  paragraphs.	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Figure	  3.	  Schematic	  representation	  of	  one	  gene	  with	  its	  regulatory	  region	  in	  cis.	  Alternative	  
mechanisms	  of	  mutation	  responsible	  for	  the	  variation	  among	  organisms	  are	  shown.	  	  
(A)	  Functional	  Cis-­‐elements	   (a,	  b,	  c,	  and	  d),	   together	  with	  the	  coding	  sequence	  (from	  start	  
codon	  to	  stop	  codon)	  allow	  a	  normal	  expression	  of	  the	  gene	  during	  different	  developmental	  
stages	  and	  in	  distinct	  organs.	  
(B)	  Mutations	   in	   one	   or	  more	  Cis-­‐elements	   (a	   and	   c	   in	   this	   example)	   can	   bring	   to	   loss	   of	  
expression	  (case	  1)	  or	  change	  of	  the	  pattern	  of	  expression	  (case	  2).	  	  
(C)	  Example	  of	  a	  loss-­‐of-­‐function	  mutation	  in	  the	  coding	  sequence,	  which	  brings	  to	  a	  loss	  of	  
expression	  of	  the	  gene	  and	  all	  its	  regulatory	  elements.	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(D)	  Mutation	  in	  an	  higher	  level	  regulator	  results	  in	  modified	  expression	  of	  the	  gene	  (some	  of	  
the	  cis	  elements	  are	  not	  recognized	  anymore,	  and	  maybe	  new	  ones	  are	  now	  recognised)	  or,	  
in	  extreme	  cases	  there	  is	  no	  activation	  at	  all.	  	  	  
2.3	  Patterns	  variation	  by	  changes	  in	  cis-­‐elements	  in	  the	  promoter	  of	  regulatory	  genes	  
Inventory	   of	   genes	   shown	   to	   be	   involved	   in	   natural	   variation	   in	   different	   plant	   species	  
(Alonso-­‐Blanco	  et	  al.,	  2009)	  are	  the	  material	  necessary	  to	  define	  how	  important	  variation	  
in	  cis-­‐acting	  regulatory	  motifs	  contributed	  to	  evolution	  in	  plants.	  For	  example,	  in	  tomato,	  
changes	   in	   the	   promoter	   region	   of	   the	   gene	  FW2.2,	   involved	   in	   the	  modulation	   of	   fruit	  
size,	  cause	  its	  misexpression.	  The	  effect	  of	  this	  mutation	  is	  a	  large	  fruit	  phenotype	  (Frary	  
et	   al.,	   2000).	   	   In	   this	   case	   relatively	   small	   changes	   in	   the	   promoter	   of	   a	   gene	   have	  
tremendous	  effect	  on	  the	  fruit	  phenotype.	  	  
Also	   for	   the	   teosinte	   branched	   (tb1)	   gene	   it	   has	   been	   shown	   that	   changes	  
regulatory	   elements	   are	   at	   the	   basis	   of	   some	   dramatic	   morphological	   differences	   that	  
distinguish	  maize	  (Zea	  mays	  ssp.	  mays)	  from	  its	  wild	  ancestors,	  the	  teosinte	  (Z.	  mays	  ssp.	  
parviglumis	   and	   mexicana).	   Clark	   and	   colleagues	   (2006)	   demonstrated	   indeed	   that	  
sequences	   localized	   more	   than	   41	   kb	   upstream	   of	   tb1	   act	   in	   cis	   to	   regulate	   tb1	  
transcription	   and	   are	   responsible	   for	   the	   phenotypic	   changes	   acquired	   during	  
domestication	  of	  this	  species.	  Similarly,	  in	  rice,	  a	  single-­‐nucleotide	  polymorphism	  (SNP)	  in	  
the	   5’	   regulatory	   region	   of	   the	   qSH1	   gene	   is	   responsible	   of	   the	   loss	   of	   seed	   shattering	  
because	  of	  loss	  of	  formation	  of	  the	  abscission	  layer.	  Interestingly,	  the	  presence	  of	  this	  SNP	  
is	  associated	  with	  seed	  shattering	  in	  japonica	  subspecies	  of	  rice,	  and	  this	  suggested	  that	  it	  
was	   a	   target	   of	   artificial	   selection	   during	   rice	   domestication	   (Konishi	   et	   al.,	   2006).	   One	  
other	   example	   is	   the	   evolution	   of	   a	   41bp	   cis-­‐regulatory	   motif	   named	   MEM1	   in	   the	  
promoter	  of	   the	  PEPC	  genes	   (encoding	  a	  carboxylase),	  which	  has	  been	  shown	  to	  be	   the	  
basis	   of	   mesophyll	   specific	   expression	   in	   the	   C4	   dicot	   Flaveria	   trinervia	   (Akyildiz	   et	   al.,	  
2007).	   The	   changes	   required	   to	   convert	   an	   element	   with	   no	   obvious	   function	   into	   a	  
mesophyll-­‐specific	  cis-­‐acting	  element	  have	  been	  tracked	  down	  to	  two	  nucleotides.	  This	  is	  
a	  superb	  example	  of	  how	  small	  changes	  in	  nucleotide	  sequence	  can	  be	  sufficient	  to	  create	  
a	  novel	  pattern	  of	  gene	  expression	  and	  a	  totally	  new	  phenotype.	  	  
Finally,	  several	   lines	  of	  evidence	  indicate	  that	  in	  the	  Ranunculaceae	  duplications	  
in	  a	  flower	  organ	  identity	  B-­‐function	  MADS	  box	  factor,	  followed	  by	  changes	  in	  expression,	  
may	  have	  represented	  the	  basis	  of	  the	  evolution	  of	  petaloid	  organs	  (Kramer	  et	  al.,	  2003)	  
in	  apetalous	  species	  such	  as	  Thalictrum	  thalictroides,	  as	  an	  adaptation	  to	  insect	  pollination	  
(Di	  Stilio	  et	  al.,	  2009).	  	  
Changes	  in	  gene	  expression	  pattern	  can	  also	  drive	  the	  evolution	  of	  physiological	  
traits	   by	   affecting	   metabolic	   pathways.	   For	   example,	   the	   evolution	   of	   floral	   scent	   in	  
Clarkia,	   has	   been	   studied	   through	   the	   analysis	   of	   the	   differences	   between	   the	   species	  
Clarkia	  brewery,	  and	  its	  probable	  ancestor	  C.concinna.	  C.brewery	  emits	  large	  amounts	  of	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specific	   scents	   by	   highly	   expressing	   genes	   like	   linalool-­‐synthse	   (Lis),	   whereas	   a	   limited	  
expression	  of	  this	  gene	  can	  be	  found	  in	  C.concinna	  (Dudareva	  et	  al.,	  1996),	  suggesting	  that	  
changes	  in	  the	  regulation	  of	  this	  gene	  expression	  are	  the	  origin	  of	  scent	  variation	  between	  
the	  two	  species.	  
Next	   to	   small	   sequence	   changes,	   also	   large	   rearrangements	   in	   the	   non-­‐
transcribed	   flanking	   regions	   of	   genes	   can	   result	   in	   the	   acquisition	   of	   new	   cis-­‐regulatory	  
elements,	  which	  give	  rise	  to	  novel	  patterns	  of	  gene	  expression	  and/or	  novel	  phenotypes.	  
For	  example,	  in	  tomato,	  a	  chimeric	  gene	  resulting	  from	  the	  insertion	  of	  a	  duplicated	  copy	  
of	  a	  metabolic	  enzyme	  into	  the	  5’	  end	  of	  the	  homeobox-­‐containing	  gene	  LeT6	  resulted	  in	  
overexpression	   of	   the	   homeodomain	   protein	   and	   conversion	   of	   unipinnate	   compound	  
leaves	  into	  three-­‐	  or	  fourfold	  pinnate	  compound	  leaves	  (Chen	  et	  al.,	  1997).	  	  
Also	   transposable	  element-­‐induced	  alterations	   in	   the	  promoter	  of	  genes	  can	  be	  
source	  of	  new	  expression	  patterns.	  One	  example	  comes	  from	  an	  insertion	  in	  the	  promoter	  
of	   the	  maize	   alcohol	   dehydrogenase	   gene	  which	   resulted	   in	   quantitative,	   organ-­‐specific	  
alteration	  of	  its	  expression	  (Kloeckenergruissem	  and	  Freeling,	  1995).	  
From	   this	   long	   list	   of	   specific	   examples,	   we	   can	   definitely	   say	   that,	   changes	   in	  
regulation	   originating	   from	   alterations	   in	   regulatory	   sequences	   has	   played	   a	   role	   in	  
generating	   	   novel	   phenotypes	   during	   evolution.	   More	   importantly,	   the	   phenotype	  
generated	   is	   not	   always	   a	  monstrous	   disruption	   of	   normal	   developmental	   patterns,	   but	  
can	  (in	  some	  cases)	  become	  a	  new	  convenient	  adaptation.	  	  
The	  examples	  described	  are	   a	   good	   collection	  of	   cases,	   but	   to	  define	   a	   general	  
mechanisms	  for	  the	  generation	  of	  new	  patterns,	  a	  good	  “model”	  for	  the	  study	  of	  pattern	  
variability	  in	  the	  plant	  kingdom	  would	  be	  of	  great	  value.	  Plant	  pigmentation,	  with	  its	  huge	  
variety	  among	  different	  species	   (or	  even	  among	  different	  ecotypes	  of	   the	  same	  species)	  
provides	   a	   nice	  model	   to	   look	   at	   the	   specification	   of	   patterns,	  with	   the	   advantage	   that	  
variations	  can	  just	  be	  spotted	  by	  changes	  in	  colours.	  	  
	  
2.4	  Regulation	  of	  anthocyanin	  pigmentation	  patterns	  in	  different	  species	  
The	   biosynthesis	   and	   specification	   of	   anthocyanin	   colours	   in	   different	   species	   has	   been	  
influenced	   by	  mechanisms	   of	   selection	   orchestrated	   either	   by	   nature	   or	   by	   humans,	   or	  
both.	   Domestication	   has	   often	   promoted	   an	   increase	   or	   a	   refinement	   in	   the	   pigments	  
already	  present	  in	  the	  plant	  material,	  while	  in	  other	  cases	  a	  selection	  for	  agronomic	  traits	  
has	   discarded	   pigmentation	   (Gonzali	   et	   al.,	   2009).	   This	   because	   when	   pigmentation	  
happened	   to	   be	   linked	   to	   not	   desiderable	   traits,	   it	   was	   eliminated	   (together	   with	   the	  
undesiderable	   character)	   by	   breeding,	   or	   in	   some	   cases	   probably	   because	   strongly	  
coloured	   food	   is	   not	   always	   considered	   attractive.	   Tomato,	   for	   instance	   (Solanum	  
lycopersicum	   L.),	   has	   fruits	   rich	   in	   carotenoids	   that	   lack	   anthocyanins,	   although	   some	  
Solanum	   species	   taxonomically	   close	   to	   S.lycopersicum	   have	   retained	   the	   ability	   to	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produce	   anthocyanins	   in	   fruits	   (Jones	   et	   al.,	   2003).	   As	   all	   S.	   lycopersicum	   cultivated	  
varieties	   have	   fruits	   that	   do	   not	   produce	   anthocyanins,	   it	   is	   probable	   that	   the	   loss	   of	  
anthocyanin	  pigmentation	   in	   the	   fruit	   took	  place	  relatively	  early	   in	   the	  domestication	  of	  
this	   species	   (Willits	   et	   al.,	   2005).	   This	   character	   has	   been	   introgressed	   -­‐through	  
interspecific	  crosses-­‐	   in	  cultivated	  tomato,	  demonstrating	  that	   it	   is	  possible	  to	  reactivate	  
the	   whole	   pathway	   in	   fruits.	   Unfortunately,	   the	   identity	   of	   the	   loci	   conferring	   the	  
anthocyanin	  phenotype	  in	  fruits	  of	  certain	  genotypes	  is	  unknown,	  making	  it	  impossible	  for	  
the	   moment	   to	   establish	   the	   mechanism	   by	   which	   fruit	   pigmentation	   was	   lost.	   This	  
subject	  is	  further	  discussed	  in	  chapters	  1,	  4,	  and	  5	  of	  this	  thesis.	  
	   Another	   example	   of	   loss	   of	   anthocyanin	   related	   to	   domestication	   comes	   from	  
maize.	   In	  wild	   type	   varieties	   of	  maize	   anthocyanins	   are	   normally	   synthesized	   in	   kernels	  
and	   vegetative	   tissues	   (Selinger	   and	   Chandler,	   1999).	   The	   varieties	   of	   maize	   normally	  
diffused	   in	   the	   western	   world	   produce	   anthocyanin	   free	   kernels	   which	   seem	   to	   better	  
meet	   the	   taste	  of	   the	  consumers,	  but	   in	   this	   case	   the	   section	  has	  operated	  on	  a	   loss	  of	  
function	   mutation	   in	   the	   MYB	   encoding	   locus	   C1.	   More	   similar	   cases	   are	   known	   in	  
domestication	   (white	  grape	   is	  one	  of	   those)	   in	  which	  a	   loss	  of	   function	  mutation	  of	   the	  
MYB	   regulator	   is	   responsible	   for	   the	   phenotype.	   Examples	   like	   these	   show	   that	   also	   a	  
mechanism	  of	  mutation	  in	  the	  coding	  sequence	  of	  the	  regulator	  plays	  a	  role	  in	  adaptative	  
changes,	  although	   it	  only	  gives	   limited	  possibilities	   in	  the	  type	  of	  new	  phenotypes	   it	  can	  
generate.	  	  	  
In	  several	  flowers,	  specific	  floral	  traits	  are	  associated	  with	  the	  choice	  for	  specific	  
pollinators.	  This	  phenomenon	  is	  known	  as	  “pollination	  syndrome”	  (Hoballah	  et	  al.,	  2007).	  
In	   the	   genus	   Petunia,	   species	   with	   hawk	   moth	   pollination	   syndromes	   (Wijsman	   et	   al.,	  
1983;	  Ando	  et	   al.,	   2001)	   like	  Petunia	  axillaris,	   have	  white	   flowers	  with	   long	  and	  narrow	  
corolla	  tubes	  that	  produce	  large	  amounts	  of	  volatiles	  at	  dusk	  (when	  nocturnal	  moths	  are	  
active)	  and	  massive	  amounts	  of	  nectar	  (Ando	  et	  al.,	  1995;	  Ando	  et	  al.,	  2001;	  Stuurman	  et	  
al.,	   2004;	   Hoballah	   et	   al.,	   2005;	   Oyama-­‐Okubo	   et	   al.,	   2005;	   Hoballah	   et	   al.,	   2007).	   In	  
Petunia	  integrifolia	  instead,	  flowers	  are	  violet/red,	  the	  corolla	  tube	  is	  short	  and	  wide	  and	  
contains	   low	   quantities	   of	   nectar.	   These	   flowers	   emit	   small	   amounts	   of	   volatiles	  
(Stuurman	  et	  al.,	  2004;	  Hoballah	  et	  al.,	  2005),	  and	  are	  mainly	  pollinated	  by	  solitary	  bees	  
(Ando	  et	  al.,	  2001).	  Interestingly,	  the	  lack	  of	  anthocyanin	  pigments	  in	  P.axillaris	  	  is	  due	  to	  
a	  loss	  of	  function	  mutation	  in	  the	  gene	  encoding	  of	  the	  MYB	  transcription	  factor	  PhAN2,	  
through	   inactivation	   the	   coding	   region	   (Quattrocchio	   et	   al.,	   1999).	   This	   suggested	   that	  
coloured	   petals,	   like	   the	   ones	   observable	   in	   P.integrifolia,	   represent	   the	   ancestral	  
phenotype,	   whereas	   white	   flowers	   represent	   a	   “derived”	   phenotype	   (Hoballah	   et	   al.,	  
2007).	  The	  case	  of	  speciation	   in	  petunia	  seems	  to	  be	  of	   the	  same	  category	  of	   those	   just	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changes	   in	   regulatory	   sequences,	   but	   rather	   in	   the	   coding	   sequence	   of	   a	   regulator	   are	  
responsible	  for	  the	  acquisition	  of	  a	  new	  phenotype.	  	  
However,	   pigmentation	   patterns	   in	   petunia	   have	   been	   generated	   also	   by	   a	  
mechanism	  involving	  paralogs	  of	  PhAN2	  which	  drive	  the	  accumulation	  of	  anthocyanin	   in	  
different	   organs,	   such	   as	   flower	   tube,	   anthers,	   and	   vegetative	   tissues.	   Phylogenetic	  
analysis	  of	   these	  PhAN2	  paralogs	   indicates	   that	   they	  most	  probably	  originated	   relatively	  
recently	  by	  duplications	  (as	  supported	  by	  the	  very	  high	  level	  of	  homology)	  followed	  by	  the	  
acquisition	  of	  new	  cis	  regulatory	  elements	  that	  conferred	  different	  domains	  of	  expression.	  
The	   PhAN4	   and	   PhMYBb	   (chapter	   6)	   drive	   biosynthesis	   of	   anthocyanins	   in	   anthers	   and	  
tube	  respectively.	  	  
In	  Figure	  3	  we	  summarize	  the	  different	  mechanisms	  leading	  to	  new	  pigmentation	  
patterns	  that	  we	  have	  described	  so	  far.	  
	  
2.5	  Master	  genes	  for	  the	  specification	  of	  anthocyanin	  patterns	  
Several	   steps	   of	   the	   anthocyanin	   pathway	   have	   been	   described	   and	   characterized	   by	  
studying	  natural	  mutations	   in	   biosynthetic	   genes	   (Espley	   et	   al.,	   2009).	   For	   example,	   the	  
insertion	   of	   transposons	   into	   structural	   genes	   such	   as	   chalcone	   synthase	   (Habu	   et	   al.,	  
1998),	  dihydroflavonol	  4-­‐reductase	  (Inagaki	  et	  al.,	  1994),	  anthocyanin	  synthase	  (Hisatomi	  
et	   al.,	   1997),	   cytochrome	   b5	   (de	   Vetten	   et	   al.,	   1999)	   can	   cause	   flower	   colour	  
polymorphism.	  
The	   study	   of	   the	   generation	   of	   pigmentation	   patterns	   polymorphisms	   is	   more	  
complex	  as	  most	  mutations	  simply	  result	  in	  loss	  of	  function	  of	  a	  gene	  and	  therefore	  do	  not	  
give	  the	  right	  material	  to	  dissect	  this	  problem.	  Instead,	  the	  study	  of	  the	  diversification	  and	  
variation	   of	   anthocyanin	   “master	   genes”	   during	   evolution	   can	   be	   approached	   by	   the	  
comparison	  of	  hortologues	  of	  such	  genes	  in	  different	  species	  with	  divergent	  pigmentation	  
patterns.	  
The	  MYB	  genes	  activating	  anthocyanin	  structural	  genes	  look	  like	  the	  best	  choice	  
for	  this	  approach,	  considering	  the	  following	  aspects:	  
	  
- R2R3-­‐MYB	   transcription	   factors	   belonging	   to	   the	   PhAN2	   clade	   regulate	  
anthocyanin	   biosynthesis	   in	   all	   analyzed	   plant	   species	   (Allan	   et	   al.,	   2008),	   and	  
even	   small	   changes	   in	   these	   proteins	   can	   have	   a	   strong	   effect	   on	   phenotype	  
(Schwinn	  et	  al.,	  2006);	  
- some	  studies	  showed	  	  that	  the	  only	  expression	  of	  MYB	  genes	  is	  enough	  to	  trigger	  
pigmentation	  in	  virtually	  any	  tissue	  of	  different	  species	  (see	  also	  chapters	  5	  and	  6	  
of	  this	  thesis;	  Xie	  et	  al.,	  2006;	  Zuluaga	  et	  al.,	  2008);	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- MYB	  proteins	  are	  functionally	  interchangeable	  even	  among	  very	  distantly	  related	  
species	   (e.g.	   the	   PhAN2	   protein	   is	   functionally	   interchangeable	   with	   C1	   from	  
maize	  (Quattrocchio	  et	  al.,	  1998;	  Quattrocchio	  et	  al.,	  1999).	  
	  
Genes	  encoding	  for	  bHLH	  factors	  controlling	  anthocyanin	  biosynthesis	  would	  be	  a	  
less	  good	  choice	  as,	  although	  they	  have	  been	  shown	  to	  directly	  activate	  transcription	  of	  
structural	   anthocyanin	   genes,	   they	  operate	  downstream	  of	   the	  MYB	  genes	   (Spelt	   et	   al.,	  
2000)	  and	  therefore	  they	  surely	  are	  not	  the	  “master	  genes”	  we	  are	  looking	  for.	  	  
	  
2.6	  Examples	  of	  MYB	  gene	  modification	  and	  their	  effect	  on	  the	  phenotype	  
As	   last	  we	   report	   some	   examples	   of	   how	   changes	   in	   genes	   encoding	  MYB	   anthocyanin	  
regulators	   affect	   pigmentation,	   to	   support	   the	   choice	   of	   these	   genes	   as	   “master	  
regulators”	  of	  anthocyanin	  production.	  	  
Up-­‐regulation	  of	  the	  expression	  of	  MYB	  transcription	  factors	  has	  been	  shown	  to	  
induce	  anthocyanin	  production	   in	   several	   species	   (Borevitz	   et	   al.,	   2000;	  Mathews	  et	   al.,	  
2003).	  Disruption	  of	  the	  same	  MYB	  genes	  by	  mutations	  (either	  in	  the	  promoter	  or	  in	  the	  
coding	   sequence)	   results	   instead	   in	   reduction	  or	  even	   total	   loss	  of	  pigmentation.	  A	  well	  
described	   example	   of	   the	   first	   phenomenon	   is	   a	   retrotransposon	   insertion	   in	   the	  
promoter	   of	   VvMYBA1	   that,	   together	   with	   other	   mutations	   in	   the	   adjacent	   VvMYBA2	  
inactivate	  their	  expression	  and	  convert	  red-­‐skinned	  grape	  into	  white-­‐skinned	  one	  (Walker	  
et	  al.,	  2007).	  On	  the	  other	  hand,	  the	  purple	  colour	  of	  particular	  cauliflower	  varieties	  is	  due	  
to	  a	  mutation	  in	  the	  MYB	  encoding	  Pr	  locus,	  which	  confers	  strong	  anthocyanin	  production	  
in	  curds	  and	  seeds	  (Chiu	  et	  al.,	  2010).	  The	  coding	  regions	  of	  the	  wild	  type	  allele	  Pr	  	  and	  of	  
the	  one	  present	  in	  strongly	  pigmented	  varieties,	  Pr-­‐D,	  share	  99.2%	  sequence	  identity	  and	  
both	   of	   them	   encode	   functional	   proteins.	   The	   comparison	   of	   the	   promoter	   sequences	  
reveals	  a	  Harbinger	  DNA	  transposon	  insertion	  in	  the	  upstream	  regulatory	  region	  of	  the	  Pr-­‐
D	   allele,	   which	   introduces	   additional	   E-­‐box	   cis-­‐acting	   elements.	   Such	   alteration	   is	  
proposed	  to	  be	  the	  reason	  of	  increased	  Pr	  gene	  transcription	  in	  the	  curds.	  
Constitutive	   expression	   of	  AtPAP1	   (by	   a	   introduction	   of	   a	  35S:PAP1	   construct),	  
SlANT1	   (by	   activation	   tagging)	   and	  MdMYB10	   (by	   a	   multiple	   repeats	   minisatellite-­‐like	  
structure	  in	  the	  promoter	  resulting	  in	  an	  autoregulatory	  motif)	  has	  been	  shown	  to	  be	  the	  
cause	   of	   anthocyanin	   accumulation	   in	   normally	   uncoloured	   plant	   parts	   respectively	   in	  
pap1-­‐D	  Arabidopsis	   (Borevitz	  et	  al.,	  2000),	  antl	   tomato	   (Mathews	  et	  al.,	  2003),	  and	   red-­‐
fleshed	  apple	  (Espley	  et	  al.,	  2007).	  	  
All	  these	  example	  support	  a	  role	  of	  master	  regulators	  of	  anthocyanin	  biosynthesis	  for	  the	  
MYB	  transcription	  factors	  involved	  in	  the	  activation	  of	  the	  pathway.	  
	  
	  
 36 
Conclusions	  
One	  of	  the	  main	  goals	  in	  the	  study	  of	  plant	  evolution,	  will	  in	  the	  immediate	  future,	  	  be	  the	  
identification	   of	   sequence	   changes	   that	   have	   generated	   new	   patterns.	   The	   study	   of	  
pigmentation	   and	   in	   particular	   of	   anthocyanin	   regulation	   in	   plants	   represents	   an	   easy	  
model	  to	  identify	  genetic	  changes	  generating	  new	  patterns.	  In	  particular,	  the	  comparison	  
of	   anthocyanin	   master	   regulators	   (like	   the	   MYB	   factors	   at	   the	   top	   of	   the	   regulatory	  
hierarchy)	  from	  different	  plant	  species	  (or	  just	  from	  different	  varieties	  or	  ecotypes	  within	  
the	   same	   species)	   will	   help	   to	   assess	   the	   contribution	   of	   the	   variation	   in	   cis-­‐regulatory	  
elements,	   and/or	   changes	   in	   their	   regulators	   (one	   level	  up	   in	   the	   regulatory	   cascade)	   in	  
the	  appearance	  of	  new	  pigmentation	  patterns.	  
	  
	  
Aim	  and	  outline	  of	  the	  thesis	  
In	   this	   thesis	   we	   analyzed	   physiological	   and	   molecular	   mechanisms	   by	   which	   the	  
biosynthesis	  of	  anthocyanins	  is	  “orchestrated”	  in	  different	  species.	  We	  also	  studied	  what	  
kind	   of	   genetic	   variation	   could	   have	   played	   a	   major	   role	   in	   the	   specification	   of	  
anthocyanin	  pigmentation	  patterns	  during	  evolution.	  	  
Chapter	  1	  is	  an	  introduction	  on	  the	  characteristics	  of	  anthocyanin	  molecules	  and	  
a	   short	   description	   of	   the	   biosynthetic	   pathway,	   focusing	   on	   tomato	   species	   (Solanum	  
lycopersicum	  L.).	  We	  selected	  tomato	  as	  a	  model	  because	  of	  its	  importance	  as	  crop	  plant,	  
but	   also	   because	   anthocyanins	   are	   produced	   only	   in	   vegetative	   tissues,	   while,	   several	  
tomato	  accessions	  display	  anthocyanin	  accumulation	  in	  different	  organs.	  This	  makes	  it	  an	  
interesting	   case	   of	   variation	   of	   anthocyanin	   accumulation	  within	   the	   same	   species.	  We	  
listed	  and	  described	  all	  these	  lines	  in	  this	  chapter.	  Among	  them,	  some	  were	  selected	  for	  
further	  investigations	  that	  we	  report	  in	  chapters	  4	  and	  5.	  
In	   chapter	   2,	   we	   reported	   an	   overview	   of	   the	   numerous	   natural	   functions	   and	  
biotechnological	  applications	  of	  anthocyanins.	   In	  this	  chapter	   is	  also	  a	  description	  of	  the	  
state	  of	  the	  art,	  in	  the	  study	  of	  anthocyanin	  biosynthesis	  and	  regulation	  in	  different	  model	  
species	  displaying	  distinct	  pigmentation	  patterns.	   	  The	  second	  part	  of	   this	  chapter	  deals	  
with	   the	  molecular	   basis	   of	   the	   variation	   of	   anthocyanin	   accumulation	   patterns	   during	  
evolution.	  Finally,	  	  we	  propose	  a	  new	  approach	  to	  assess	  the	  contribution	  of	  different	  type	  
of	   genetic	   changes	   to	   the	   generation	   of	   new	   patterns.	   This	   is	   based	   on	   the	   molecular	  
changes	  occurred	   in	  “master	  regulators”	  and	   it	  aims	  to	   identify	  the	  sequences	  that	  have	  
generated	  the	  multitude	  of	  patterns	  observed	  in	  plants.	  Experimental	  examples	  following	  
this	  approach	  are	  described	  in	  chapter	  7.	  	  	  	  
In	  chapter	  3	  we	  investigated	  the	  interplay	  between	  sugars	  and	  plant	  hormones	  in	  
modulating	  the	  expression	  of	  anthocyanin	  genes	  and	  the	  accumulation	  of	  anthocyanins	  in	  
Arabidopsis.	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The	  expression	  pattern	  of	  many	  genes	  involved	  in	  the	  anthocyanin	  biosynthetic	  pathway,	  
including	   two	   transcription	   factors	   (AtPAP1	   and	   AtPAP2),	   was	   analyzed	   in	   Arabidopsis	  
seedlings	   treated	   with	   sucrose	   and	   plant	   hormones.	   We	   showed	   that	   the	   metabolic	  
status,	   signalled	   by	   the	   	   level	   of	   sugar	   in	   the	   plant,	   triggers	   anthocyanin	   production	  
through	   	  hormones.	  We	   thus	   suggest	   the	  existence	  of	   a	   cross-­‐talk	  between	   the	   sucrose	  
and	  hormone	  signalling	  pathways	  in	  the	  regulation	  of	  anthocyanin	  biosynthesis.	  
In	  chapter	  4	  we	  reported	  the	  transcriptomic	  characterization	  of	  selected	  tomato	  
lines	   containing	   the	   Anthocyanin	   fruit	   (Aft)	   or/and	   the	   atroviolacea	   (atv)	   alleles	   	   (both	  
mentioned	  also	  in	  chapter	  1)	  which	  are	  responsible	  for	  anthocyanin	  pigmentation	  of	  the	  
skin	  of	  the	  fruit.	  By	  transcript-­‐profiling	  we	  compared	  red/wild	  type,	  Aft/Aft,	  atv/atv,	  and	  
Aft/Aft	   atv/atv	   tomatoes.	   This	   analysis	   pointed	   out	   the	   existence	   of	   synergistic	   effects	  
between	   the	  Aft	   and	  atv	   locus.	  Moreover,	   this	   analyses	   revealed	   that	   the	   activation	   of	  
anthocyanin	  synthesis	  in	  tomato	  fruit	  is	  accompanied	  by	  a	  complex	  remodulation	  of	  gene	  
expression.	  However,	  as	  the	  identity	  of	  the	  Aft	  and	  atv	  loci,	  is	  still	  unknown,	  the	  next	  goal	  
became	   the	   identification	   and	   characterization	   of	   the	  Aft	   allele,	   and	   this	   is	   reported	   in	  
chapter	  5.	  We	  used	  a	  candidate-­‐gene	  approach,	  and	  we	  analysed	  two	  MYB	  genes,	  SlANT1	  
and	  SlAN2,	  that,	  by	  homology	  with	  MYBs	  from	  other	  species	  are	  expected	  to	  be	  involved	  
in	   anthocyanin	   biosynthesis,	   and	   have	   been	   pointed	   as	   probable	   candidates	   for	   the	  Aft	  
locus.	   The	   results	   of	   sequence	   comparison,	   expression	   analyses,	   and	   ectopic	   expression	  
studies	  of	  these	  genes,	  strongly	  support	  that	  SlAN2	  is	  the	  Aft	  locus.	  	  
In	  chapter	  6	  we	  reported	  the	  study	  and	  functional	  characterisation	  of	  two	  -­‐very	  
similar-­‐	   petunia	   genes,	   named	  PhMYBb1	   and	  PhAN4.	   These	   genes	   are	   homologs	   of	   the	  
MYB	   gene	   PhAN2,	   known	   to	   be	   involved	   in	   petal	   colouration,	   although	   they	   display	  
divergent	  expression	  pattern	   in	  comparison	   to	   the	   latter.	  PhMYBb1	   and	  PhAN4	   regulate	  
anthocyanin	   production	   in	   the	   tube	   and	   the	   anther	   of	   the	   flower	   respectively.	   In	   this	  
chapter	  we	   also	   discuss	   the	   evolutionary	   role	   of	   gene	   duplication	   and	   differentiation	   in	  
the	  specification	  of	  pigmentation	  patterns	  in	  distinct	  organs	  of	  the	  plant.	  In	  chapter	  7,	  we	  
extended	   this	   discussion	   to	   a	   more	   general	   understanding	   of	   the	   evolution	   of	  
pigmentation	   patterns	   among	   species.	   The	   approach	   described	   in	   this	   last	   chapter	   was	  
based	   on	   “gene	   swapping”	   among	   Arabidopsis,	   tomato,	   and	   petunia.	   New	   hypotheses	  
arose	   from	   this	   study,	   which	   suggested	   new	  models	   for	   the	   evolution	   of	   pigmentation	  
patterns,	  and	  proposed	  this	  experimental	  approach	  for	  the	  study	  of	  the	  genetic	  traits	  that	  
have	   generated	   the	   multitude	   of	   morphological	   and	   physiological	   patterns	   during	  
evolution.	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Abstract	  
Anthocyanins	  are	  secondary	  metabolites,	  which	  play	  an	   important	  role	   in	  the	  physiology	  
of	   plants.	   We	   investigated	   the	   interplay	   between	   sucrose	   and	   plant	   hormones	   in	   the	  
expression	  of	  gene	  coding	  for	  anthocyanin	  biosynthetic	  enzymes	  in	  Arabidopsis	  seedlings.	  
The	   expression	   pattern	   of	   14	   genes	   involved	   in	   the	   anthocyanin	   biosynthetic	   pathway,	  
including	   two	   transcription	   factors	   (PAP1,	   PAP2),	   was	   analyzed	   by	   real-­‐time	   RT-­‐PCR	   in	  
Arabidopsis	  seedlings	  treated	  with	  sucrose	  and	  plant	  hormones.	  The	  sucrose-­‐induction	  of	  
the	   anthocyanin	   synthesis	   pathway	   was	   repressed	   by	   the	   addition	   of	   gibberellic	   acid	  
whereas	  jasmonate	  and	  abscisic	  acid	  had	  a	  synergic	  effect	  with	  sucrose.	  The	  gai	  mutant	  is	  
insensitive	   to	  gibberellin-­‐dependent	  repression	  of	  dihydroflavonol	   reductase.	  This	  would	  
seem	   to	   prove	   that	   GAI	   signalling	   is	   involved	   in	   the	   cross-­‐talk	   between	   sucrose	   and	  
gibberellin	   in	  wild-­‐type	  Arabidopsis	  seedlings.	  On	  the	  other	  hand,	  the	   inductive	  effect	  of	  
sucrose	  was	  not	  strictly	  ABA-­‐mediated.	  Sucrose	   induction	  of	  anthocyanin	  genes	  requires	  
the	  COI1	  gene,	  but	  not	  JAR1,	  which	  suggest	  a	  possible	  convergence	  of	  the	  jasmonate-­‐	  and	  
sucrose-­‐	  signalling	  pathways.	  The	  results	  suggest	  the	  existence	  of	  a	  cross-­‐talk	  between	  the	  
sucrose	   and	   hormone	   signalling	   pathways	   in	   the	   regulation	   of	   the	   anthocyanin	  
biosynthetic	  pathway.	  
	  
Introduction	  
Flavonoids	  represent	  a	  large	  class	  of	  secondary	  plant	  metabolites,	  of	  which	  anthocyanins	  
are	   the	   most	   conspicuous,	   due	   to	   the	   wide	   range	   of	   chemical	   structures	   derived	   from	  
their	   synthesis.	   Besides	   providing	   pigmentation	   in	   flowers,	   fruits,	   seeds	   and	   leaves,	  
anthocyanins	  have	  other	  important	  functions	  in	  plants.	  In	  petals,	  they	  attract	  pollinators,	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whereas	   in	   seeds	   and	   fruits	   anthocyanins	   can	   aid	   seed	   dispersal.	   Anthocyanins	   and	  
flavonoids	   can	   also	   be	   important	   as	   feeding	   deterrents	   and	   as	   a	   protection	   against	   UV	  
irradiation	   damage	   (Winkel-­‐Shirley,	   2001).	   Anthocyanins	   are	   considered	   as	   antioxidant	  
molecules	  (Gould	  et	  al.,	  2002)	  and	  protect	  plants	  from	  damage	  by	  reactive	  oxygen	  species	  
(Nagata	  et	  al.,	  2003).	  These	  properties	  make	  them	  interesting	  food	  ingredients	  for	  human	  
and	  animal	  nutrition.	  
	   The	  involvement	  of	  anthocyanins	   in	  such	  diverse	  and	  important	  functions	  raises	  
questions	   about	   how	   these	   compounds	   are	   synthesized	   and	   how	   their	   synthesis	   is	  
regulated.	  The	  enzymes	  involved	  in	  anthocyanin	  biosynthesis	  have	  been	  characterised	  in	  
several	  plant	  species	  including	  Arabidopsis	  (Shirley	  et	  al.,	  1995;	  Barthi	  and	  Khurana,	  1997).	  
The	   basal	   level	   of	   anthocyanins	   can	   be	   modulated	   by	   various	   stimuli.	   One	   important	  
environmental	  factor	  in	  anthocyanin	  synthesis	  is	  light	  (Cominelli	  et	  al.,	  2007).	  In	  addition,	  
phosphate	   limitation,	   cold	   stress	   and	   sugar	   addition	   can	   enhance	   anthocyanin	  
accumulation	  induced	  by	  light	  (Hara	  et	  al.,	  2003;	  Lea	  et	  al.,	  2007).	  
	   Sugars	  are	  an	  important	  source	  of	  energy	  and	  carbon	  skeletons	  for	  plant	  growth	  
and	  development,	  but	  they	  also	  act	  as	  signalling	  molecules	  whose	  transduction	  pathways	  
may	   influence	  developmental	   and	  metabolic	   processes	   (Smeekens,	   2000;	   Rolland	   et	   al.,	  
2006).	   Sugar	   signalling	   modulates	   various	   processes	   such	   as	   photosynthesis,	   nutrient	  
mobilization	  and	  allocation,	  and	  it	  also	  stimulates	  the	  growth	  of	  sink	  tissues	  (Koch,	  1996;	  
Rolland	  et	   al.,	   2002).	  Many	   jasmonate,	   abscisic	   acid,	   stress-­‐inducible,	   and	  pathogenesis-­‐
related	  genes	  are	  also	  co-­‐regulated	  by	  sugars	  (Reinbothe	  et	  al.,	  1994;	  Sadka	  et	  al.,	  1994).	  	  
Sugar-­‐induced	   anthocyanin	   accumulation	   has	   been	   observed	   in	   many	   plant	  
species.	  In	  petunia,	  sugars	  were	  shown	  to	  be	  required	  for	  the	  pigmentation	  of	  developing	  
corollas	  (Weiss,	  2000),	  while	  in	  grape	  berry	  skin	  sugars	  were	  found	  to	  induce	  most	  of	  the	  
genes	   involved	   in	  anthocyanin	  synthesis	   (Boss	  et	  al.,	  1996;	  Gollop	  et	  al.,	  2001;	  Gollop	  et	  
al.,	   2002).	  Moreover,	   a	   sucrose-­‐specific	   induction	   of	   anthocyanin	   biosynthesis	   was	   also	  
recently	  demonstrated	  in	  Arabidopsis	  seedlings	  (Teng	  et	  al.,	  2005,	  Solfanelli	  et	  al.,	  2006).	  	  
	   Hormones	   and	   sugars	   interact	   or	   cross-­‐talk	   to	   form	   a	   complex	   network	   of	  
overlapping	  signalling,	  which	  coordinate	  overall	  plant	  growth	  and	  development	  (Loreti	  
et	  al.,	  2000;	  Smeekens,	  2000;	  Rolland	  et	  al.,	  2006).	  The	   influence	  of	  exogenous	  plant	  
growth	   regulators	   on	   anthocyanin	   accumulation	   is,	   however,	   not	   fully	   understood.	  
Jasmonate	  (JA)	  has	  a	  clear	  inductive	  effect	  on	  anthocyanin	  synthesis,	  as	  demonstrated	  
by	   some	  experimental	   evidence	   in	   various	  plant	   species	   and	   tissues	   (see	  Table	  1	   for	  
references).	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Table	   1.	   Bibliographic	   overview	   of	   the	   effects	   of	   plant	   hormones	   on	   the	   synthesis	   of	  
anthocyanins.	  	  
	   Enhancing	  effects	   Inhibiting	  effects	  
Gibberellins	   Petunia	  flowers	  (Moalem-­‐Beno	  et	  al.,	  1997;	  
Weiss	   et	   al.,	   1995);	   Periwinkle	   flowers	  
(Ohlson	   and	   Berglund,	   2001);	   Hyacinthus	  
sepals	  (Hosokawa,	  1999)	  
Strawberry	   fruit	   (Martinez	   et	   al.,	  
1996);	   Maize	   leaves	   (Kim	   et	   al.,	  
2006);	  Carrot	  cell	   cultures	   (Ilan	  and	  
Dougal,	  1992;	  Ilan	  et	  al.,	  1994);	  Low	  
phosphate	  grown	  Arabidopsis	  (Jiang	  
et	  al.,	  2007)	  
Cytokinins	  
	  
Maize	   seedlings	   (Piazza	   et	   al.,	   2002);	  
Arabidopsis	   seedlings	   (Deikman	   and	  
Hammer,	   1995;	   Laxmi	   et	   al.,	   2006);	  
Strawberry	  cell	  cultures	  	  (Mori	  et	  al.,	  1994a)	  
Maize	   leaves	   (Kim	   et	   al.,	   2006);	  
Arabidopsis	   seedlings	   (Wade	   et	   al.,	  
2003)	  
Ethylene	  
	  
Maize	  leaves	  (Kim	  et	  al.	  2006);	  Grape	  berry	  
skin	  (El-­‐Kereamy	  et	  al.,	  2003)	  
	  
Auxin	  
	  
Strawberry	   cell	   cultures,	   high	   auxin	  
treatment	  	  (Mori	  et	  al.,	  1994)	  
	  
Strawberry	  cell	  cultures	  	  (Mori	  et	  al.,	  
1994);	   	  Grape	  berry	   skin	   (Ban	  et	  al.,	  
2003;	  Jeong	  et	  al.,	  2004)	  	  
ABA	  
	  
Maize	  leaves	  (Kim	  et	  al.,	  2006);	  Grape	  berry	  
skin	   (Jeong	   et	   al.,	   2004;	  Mori	   et	   al.,	   2005;	  
Ban	  et	  al.,	  2003);	  Maize	  kernels	  (Paek	  et	  al.,	  
1997;	  Hattori	  et	  al.,	  1992)	  	  	  
Grape	  berry	  skin	   (Han	  et	  al.,	  1996);	  
Petunia	  flowers	  (Weiss	  et	  al.,	  1995)	  
	  
	  
	  
Jasmonate	  
	  
Strawberry	   fruit	   (Ayala-­‐Zavala	  et	  al.,	   2005);	  
Tulip	   bulbs	   (Saniewski	   et	   al.,	   1998b;	  
Saniewski	   et	   al.,	   2004);	   Arabidopsis	  
seedlings	   (Devoto	   et	   al.,	   2005;	   Chen	   et	   al.,	  
2007);	   Maize	   leaves	   (Kim	   et	   al.,	   2006);	  
Soybean	   plants	   (Franceschi	   and	   Grimes,	  
1991);	   Carrot	   cell	   cultures	   (Sudha	   and	  
Ravishankar,	   2003);	  Kalanchoe	   cell	   cultures	  
(Saniewski	  et	  al.,	  2003);	  Potato	  cell	  cultures	  
(Plata	  	  et	  al.,	  2003);	  Apple	  fruit	  (Rudell	  et	  al.,	  
2002);	   Peach	   shoots	   (Saniewski	   et	   al.,	  
1998a);	   Petunia	   flowers	   (Tamari	   et	   al.,	  
1995)	  
	  
	  
In	  addition,	  ethylene	  appears	  to	  have	  a	  univocally	  positive	  effect	  on	  anthocyanin	  
accumulation,	   whereas	   the	   results	   are	   contradictory	   for	   gibberellins,	   which	   appear	   to	  
have	   a	   positive	   role	   on	   flowers	   while	   playing	   a	   repressive	   role	   on	   various	   other	   plant	  
tissues	   (Table	  1).	  The	  published	  evidence	  on	   the	  effects	  of	  ABA,	  auxin,	  and	  cytokinins	   is	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contradictory	   (Table	   1).	   Most	   of	   these	   studies,	   however,	   do	   not	   analyse	   the	   effects	   of	  
plant	   hormones	   in	   terms	   of	   genes,	   apart	   from	   the	   work	   of	   Devoto	   et	   al.	   (2005)	   who	  
showed	  that	   JA	  could	   induce	   the	  expression	  of	   some	  anthocyanin-­‐related	  genes	  such	  as	  
chalcone	   synthase,	   anthocyanidin	   synthase	   and	   leucoanthocyanidin	   dioxigenase	   in	  
Arabidopsis.	  
	   In	   a	   previous	   work,	   Solfanelli	   et	   al.	   (2006)	   described	   the	   sucrose-­‐specific	  
induction	   of	   anthocyanin	   biosynthesis	   in	   Arabidopsis	   seedlings.	   In	   this	   study,	   we	  
investigated	   the	   interaction	   between	   sucrose	   and	   plant	   hormones.	   The	   results	   showed	  
that,	  while	  gibberellic	  acid	  inhibited	  the	  sucrose-­‐induction	  of	  most	  of	  the	  genes	  involved	  
in	   the	   anthocyanin	   pathway,	   jasmonate	   and	   abscisic	   acid	   had	   a	   synergic	   effect	   with	  
sucrose,	  enhancing	  the	  induction	  of	  these	  genes.	  
	  
	  
Results	  
	  
Effects	  of	  different	  hormones	  on	  anthocyanin	  synthesis	  	  
Sucrose	   increases	   anthocyanin	   content	   in	   Arabidopsis	   seedlings	   (Solfanelli	   et	   al.,	   2006;	  
Teng	  et	  al.,	  2005).	  In	  order	  to	  gain	  additional	  clues	  regarding	  sucrose	  regulation,	  we	  tested	  
the	   effect	   of	   hormones	   on	   the	   sucrose-­‐induction	   of	   anthocyanin	   accumulation	   in	  
Arabidopsis	   seedlings.	  Hormones	  alone	  were	  unable	   to	  affect	  anthocyanin	   levels	   (Figure	  
1a).	   Treatments	   with	   benzyl	   adenine	   (BA),	   auxin	   (2,4D),	   and	   1-­‐aminocyclopropane-­‐1-­‐
carboxylic	   acid	   (ACC),	   in	   combination	   with	   sucrose,	   did	   not	   significantly	   influence	  
anthocyanin	   contents	   (Figure	   1a).	   Deikman	   and	   Hammer	   (1995)	   observed	   a	   complex	  
regulation	   of	   anthocyanin	   biosynthetic	   genes	   triggered	   by	   cytokinins,	   but	   other	  
experiments	  have	  discounted	  a	  possible	  role	  of	  cytokinins	  on	  anthocyanin	  accumulation	  in	  
Arabidopsis	   (Wade	  et	  al.,	  2003),	   in	  agreement	  with	  our	  results	   (Figure	  1a).	   Interestingly,	  
when	  gibberellic	  acid	  (GA3)	  was	  supplied	  together	  with	  sucrose,	  we	  observed	  an	  inhibiting	  
effect	   on	   the	   sucrose-­‐induction	   of	   anthocyanins	   (Figure	   1a).	   On	   the	   other	   hand,	   the	  
addition	   of	   jasmonate	   (JA)	   and	   abscisic	   acid	   (ABA)	   to	   sucrose	   was	   very	   effective	   in	  
enhancing	   anthocyanin	   accumulation	   (Figure	   1a).	  We	   also	  measured	   the	  mRNA	   level	   of	  
dihydroflavonol	   reductase	   (DFR),	   a	   sucrose-­‐induced	   gene	   involved	   in	   anthocyanin	  
synthesis	   (Solfanelli	   et	   al.,	   2006).	   	   The	   results	  were	   in	   accordance	  with	   the	   anthocyanin	  
content,	   indicating	   that	  GA3	   inhibited	   the	   sucrose-­‐induction	  of	  DFR	   expression,	  while	   JA	  
and	   ABA	   had	   a	   synergic	   effect	   with	   sucrose	   enhancing	   the	   induction	   of	   the	   DFR	   gene	  
(Figure	  1b).	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Figure	  1.	  Effect	  of	  sucrose	  and	  different	  hormones	  on	  anthocyanin	  biosynthesis.	  	  
(a)	  Anthocyanin	  level	  was	  measured	  in	  4-­‐day	  old	  seedlings	  treated	  with	  90mM	  sucrose	  and	  
different	  hormones	  for	  72	  hours	  in	  the	  light	  (data	  are	  means	  of	  three	  replicates	  ±SD).	  
(b)	  DFR	  mRNA	   level	  was	  measured	   in	  4-­‐day	  old	  seedlings	   treated	  with	  90mM	  sucrose	  and	  
different	   hormones	   for	   24	   hours.	   Relative	   expression	   level	   (REL),	   measured	   by	   real-­‐time	  
reverse	   transcription	   (RT)-­‐PCR,	   is	   shown	   (REL:	   100	   =	   expression	   data	   from	   the	   sucrose-­‐
treated	  sample).	  Data	  are	  means	  of	  three	  replicates	  ±SD.	  
(c)	  DFR	  mRNA	  level	  was	  measured	  in	  4-­‐day	  old	  seedlings	  treated	  with	  90mM	  sucrose	  for	  24	  
hours,	  GA3	  (20µM),	  GA4	  (20µM),	  and	  GA3	  +GA4	  (20µM).	  RNA	  was	  extracted,	  electrophoresed,	  
and	  northern	  analysis	  carried	  out	  using	  gene	  specific	  probes.	  Equal	  loading	  was	  checked	  by	  
reprobing	  with	  an	  rRNA	  probe	  (not	  shown).	  A	  representative	  experiment	  is	  shown.	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   The	  repressive	  effect	  of	  gibberellins	  was	  further	  investigated	  by	  testing	  GA3,	  GA4	  
and	  GA3+GA4	   to	  verify	  whether	   they	  are	  able	   to	   repress	   the	   sucrose	   inductive	  effect	  on	  
DFR	   mRNA	   levels	   (Figure	   1c).	   The	   results	   revealed	   that	   GA3	   was	   more	   effective	   in	  
counteracting	  the	  effect	  of	  sucrose	  than	  GA4	  and	  GA3+GA4	  (Figure	  1c).	  We	  thus	  decided	  to	  
use	  GA3	  in	  subsequent	  experiments.	  	  
	   To	   determine	   the	   most	   suitable	   time	   point	   for	   gene	   expression	   analysis,	   we	  
tested	  the	  pattern	  of	  DFR	  expression	  in	  a	  time-­‐course	  experiment.	  Data	  showed	  that	  a	  24h	  
treatment	   is	   an	   appropriate	   time	   point	   to	   observe	   the	   repressive	   effect	   of	   GA3	   and	   the	  
inductive	   effect	   of	   JA	   and	   ABA	   (Figure	   2a-­‐c).	   Subsequent	   experiments	   were	   therefore	  
performed	  by	  treating	  4-­‐day-­‐old	  seedlings	  for	  24h	  in	  the	  absence/presence	  of	  exogenous	  
sucrose,	   GA3,	   JA	   and	   ABA:	   the	   aim	   was	   to	   identify
	   interactions	   between	   these	   plant	  
hormones	   and	   sucrose	   on	   most	   of	   the	   genes	   involved	   in	   the	   anthocyanin	   biosynthetic	  
pathway.	  
	  
	  
	  
Figure	   2.	   Effect	   of	   GA3,	   JA,	   and	   ABA	   on	   anthocyanin	   biosynthesis	   in	   a	   time-­‐course	  
experiment.	   DFR	   mRNA	   level	   was	   measured	   in	   4-­‐day	   old	   seedlings	   treated	   with	   90mM	  
sucrose	  in	  the	  presence	  and	  absence	  of	  GA3	  (a),	  	  JA	  (b)	  and	  ABA	  (c);	  samples	  were	  collected	  
after	  2,	  4,	  9,	  and	  24	  hours.	  Relative	  expression	   level	   (REL),	  measured	  by	   real-­‐time	  reverse	  
transcription	   (RT)-­‐PCR,	   is	   shown	   (REL:	   100	   =	   expression	   data	   from	   the	   sucrose-­‐treated	  
sample);	  data	  are	  means	  of	  two	  replicates	  ±SD.	  
	  
	  
Gibberellin	  affects	  mRNA	  levels	  of	  anthocyanin	  biosynthetic	  pathway	  genes	  	  
To	   understand	   the	   role	   of	   gibberellins	   on	   anthocyanin	   synthesis	   we	   studied	   the	  
interaction	  between	  GA3	  and	  sucrose	  at	  a	  molecular	  level.	  This	  was	  achieved	  by	  analysing	  
the	  expression	  pattern	  of	  the	  sucrose-­‐regulated	  genes	  along	  the	  anthocyanin	  biosynthetic	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pathway	  (Solfanelli	  et	  al.,	  2006).	  The	  synthesis	  precursors	  of	  most	  flavonoids	  are	  malonyl-­‐
CoA	   and	   p-­‐coumaroyl-­‐CoA	   (Forkmann	   and	   Heller,	   1999).	   These	   two	   compounds	   are	  
coupled	  by	  chalcone	  synthase	  (CHS),	  which	  is	  considered	  to	  be	  the	  first	  enzyme	  involved	  
in	   flavonoid	   biosynthesis.	   The	   first	   anthocyanins	   are	   instead	   formed	   by	   the	   action	   of	  
dihydroflavonol	  reductase	  (DFR).	  
	   An	   overview	   of	   the	   inductive	   effect	   of	   sucrose	   on	   anthocyanin	   biosynthetic	  
pathways	  is	  reported	  in	  Figure	  3.	  Feeding	  Arabidopsis	  seedlings	  with	  GA3	  had	  no	  effect	  on	  
the	  genes	  involved	  in	  the	  flavonoid/anthocyanin	  synthesis	  studied	  (Figure	  3),	  apart	  from	  a	  
moderate	   inductive	   effect	   on	   the	   anthocyanin	   5-­‐aromatic	   acyltransferase	   (AAT)	   mRNA	  
level.	   GA3	   abolished	   the	   positive	   effects	   of	   sucrose	   on	   the	   expression	   of	   several	  
anthocyanin	  biosynthetic	  genes,	  including	  the	  two	  transcription	  factors	  MYB75/PAP1	  and	  
MYB90/PAP2	   (Figure	   3).	   PAP1	   is	   known	   as	   sucrose-­‐dependent	   modulators	   of	   the	  
anthocyanin	   pathway	   (Teng	   et	   al.,	   2005).	   The	   repression	   was	   evident	   for	   those	   genes	  
coding	   for	   enzymes	   starting	   from	   4-­‐coumarate:CoA	   ligase	   (4CL).	   Besides	   having	  
anthocyanin	   as	   end-­‐product,	   the	   pathway	   can	   also	   branch	   out	   to	   other	   classes	   of	  
flavonoids,	  such	  as	  flavones	  (kaempferol,	  quercetin	  and	  myrecitin).	  The	  step	  that	  converts	  
dihydrokaempferol	   to	   kaempferol	   is	   mediated	   by	   flavonol	   synthase	   (FLS).	   In	   addition,	  
while	  most	  plants	  share	  the	  biosynthesis	  of	  anthocyanidin	  3-­‐glucoside,	  this	  product	  often	  
undergoes	   further	   modifications,	   such	   as	   acylation,	   glycosylation	   and	   methylation	  
(Fujiwara	  et	  al.,	  1998).	  Acylation	  results	  in	  a	  more	  stable	  and	  bluer	  anthocyanin.	  This	  step	  
is	   mediated	   by	   anthocyanin	   5-­‐aromatic	   acyltransferase	   (AAT).	   The	   sucrose-­‐induction	   of	  
FLS	  mRNA	  was	  barely	  affected	  by	  GA3,	  while	  a	  6-­‐fold	  AAT	  induction	  was	  triggered	  by	  GA3	  
when	  compared	  to	  the	  control	  (Figure	  3).	  Indeed	  these	  two	  genes	  are	  not	  involved	  in	  the	  
main	  pathway	  of	  anthocyanin	  synthesis.	  
	  
Synergistic	  effect	  of	  jasmonate	  and	  sucrose	  on	  anthocyanin	  synthesis	  genes	  
To	  gain	  additional	  clues	  on	  the	  effect	  of	  jasmonate	  on	  anthocyanin	  synthesis,	  we	  treated	  
4-­‐day	  old	  Arabidopsis	  seedlings	  with	  or	  without	  jasmonate.	  Although	  the	  positive	  effect	  of	  
jasmonate	  on	  anthocyanin	  accumulation	  is	  well	  known	  (Table	  1),	  we	  found	  that	  jasmonate	  
alone	  did	  not	  affect	  the	  biosynthetic	  pathway	  in	  Arabidopsis	  seedlings	  (Figure	  3).	   In	  fact,	  
the	   expression	   of	   the	   transcription	   factors	   PAP1	   and	   PAP2	   was	   not	   influenced	   by	  
jasmonate	   either	   (Figure	   3).	   Instead	   the	   mRNA	   accumulation	   of	   transcripts	   related	   to	  
flavonoid/anthocyanin	  synthesis,	  as	  well	  as	  the	  transcription	  factors	  PAP1	  and	  PAP2	  were	  
induced	   in	   the	  presence	  of	  sucrose.	   Interestingly,	  when	   jasmonate	  was	  co-­‐supplied	  with	  
sucrose,	  it	  enhanced	  the	  expression	  of	  most	  of	  the	  genes	  involved	  in	  the	  pathway,	  starting	  
at	  the	  level	  of	  CHI	  and	  also	  affecting	  genes	  downstream	  of	  it	  (Figure	  3).	  The	  mRNA	  levels	  
of	   FLS	   and	   AAT	   were	   induced	   1.7	   fold	   in	   the	   presence	   of	   jasmonate	   plus	   sucrose,	  
indicating	  that	  the	  synergistic	  effect	  was	  effective	  not	  only	  for	  the	  main	  pathway	  leading	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Figure	   3.	   Effect	   of	   sucrose	   and	   GA3,	   JA,	   and	   ABA	   on	   the	   expression	   of	   genes	   involved	   in	  
anthocyanin	  biosynthesis.	  	  
Four-­‐day	  old	  Arabidopsis	  seedlings	  were	  grown	  for	  24h	  on	  a	  sucrose-­‐free	  MS	  medium	  (Control)	  
or	  standard	  medium	  supplemented	  with	  sucrose/hormones	  alone	  or	   fed	  together.	  Treatments	  
were	  as	  follows:	  C=control,	  S=sucrose,	  H=hormone,	  S+H=sucrose+hormone.	  Relative	  expression	  
level	   (REL),	   measured	   by	   real-­‐time	   reverse	   transcription	   (RT)-­‐PCR,	   is	   shown.	   Data,	   averaged	  
transcript	  level	  from	  two	  biological	  replicates,	  were	  displayed	  as	  a	  heat	  map.	  REL	  is	  shown	  as	  a	  
heat	  map	  (REL:	  100	  =	  expression	  data	  from	  the	  sucrose-­‐treated	  sample).	  Expression	  data	  were	  
visualized	   using	   Heatmapper	   Plus	   software	   (http://bbc.botany.utoronto.ca/ntools/cgi-­‐
bin/ntools_heatmapper_plus.cgi).	  The	  output	  of	  the	  software	  is	  shown,	  with	  the	  genes	  involved	  
in	   each	   metabolic	   step	   represented	   by	   their	   respective	   gene	   symbols.	   A	   yellow	   square	   (and	  
shades	   of	   yellow)	   indicate	   a	   gene	   whose	   induction	   level	   is	   relatively	   low.	   A	   red	   square	   (and	  
shades	  of	  red)	  indicates	  a	  gene	  whose	  induction	  is	  relatively	  high	  within	  each	  gene	  dataset.	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to	   the	   formation	   of	   anthocyanins,	   but	   also	   for	   the	   formation	   of	   flavones	   (FLS	   gene)	  
and	  the	  acylation	  of	  anthocyanidin	  3-­‐glucoside	  (AAT	  gene)	  (Figure	  3).	  
	  
Abscisic	  acid	  enhances	  the	  effects	  of	  sucrose	  on	  anthocyanin	  synthesis	  genes	  
Since	   feeding	   Arabidopsis	   seedlings	   concomitantly	  with	   sucrose	   and	   ABA	   resulted	   in	   an	  
increased	   level	  of	  DFR	  expression	  and	   in	  a	  higher	   level	  of	  anthocyanin(s)	   (Figure	  1a),	  we	  
decided	   to	   investigate	   the	   role	   of	   ABA	   in	   more	   detail.	   We	   analyzed	   the	   mRNA	  
accumulation	   of	   transcripts	   related	   to	   flavonoid/anthocyanin	   synthesis	   in	   ABA	   enriched	  
media,	  with	  or	  without	  sucrose.	  The	  results	  indicated	  that	  ABA	  alone	  did	  not	  have	  effect	  
on	  any	  of	  the	  genes	  analysed	  except	  for	  AAT	  and	  PAP2	  (Figure	  3).	  	  The	  induction	  of	  PAP2	  
in	  the	  presence	  of	  ABA	  is	  in	  agreement	  with	  the	  results	  obtained	  by	  Tonelli	  et	  al.	  (2007).	  	  
When	   ABA	   was	   supplied	   with	   sucrose,	   we	   observed	   an	   enhancement	   in	   the	   sucrose-­‐
induction	   of	   most	   of	   the	   genes	   involved	   in	   the	   anthocyanin	   biosynthesis	   (Figure	   3).	  
Moreover,	   this	   enhancement	  was	   also	   detected	   for	   the	   sucrose	   induction	   of	  PAP1.	   The	  
synergic	   effect	   of	   ABA	   was	   less	   evident	   for	   those	   genes	   (FLS	   and	   AAT)	   that	   code	   for	  
enzymes	  that	  represent	  the	  side	  branches	  of	  anthocyanin	  synthesis	  (Figure	  3).	  
	  
GA	  synthesis	  represses	  the	  anthocyanin	  biosynthetic	  pathway	  
We	  verified	  whether	  the	  expression	  of	  anthocyanin	  genes	  was	  affected	  in	  ga1-­‐5,	  a	  mutant	  
impaired	   in	   the	   step	   catalyzing	   conversion	   of	   geranylgeranyl	   pyrophosphate	   (GGPP)	   to	  
copalyl	   pyrophosphate	   (CPP).	   This	   GA-­‐deficient	   mutant	   germinates	   without	   gibberellin	  
treatment	  (Koornneef	  and	  van	  der	  Veen,	  1980),	  allowing	  us	  to	  analyze	  the	  consequences	  
of	   a	   low	   endogenous	   gibberellin	   content	   on	   the	   expression	   of	   the	   genes	   involved	   in	  
anthocyanin	  synthesis,	  as	  well	  as	  the	  effects	  of	  exogenous	  GA3	  in	  both	  the	  wild	  type	  and	  
mutant.	   The	   ga1-­‐5	  microarray	   dataset	   (see	  methods)	   was	   analyzed	   and	   the	   results	   are	  
reported	  in	  Figure	  4.	  	  The	  expression	  of	  the	  genes	  coding	  for	  enzymes	  acting	  downstream	  
of	  naringenin	  are	  expressed	  at	  a	  much	  higher	  level	  in	  the	  ga1-­‐5	  mutant,	  and	  GA3	  (1	  µM)	  
rapidly	   (3h)	   lowers	   the	  mRNA	   level.	  PAP1	  expression	   is	  also	  higher	   in	   the	  ga1-­‐5	  mutant,	  
and	   GA3	   represses	   its	  mRNA	   level.	   PAP2	   expression	   is	   instead	   unaffected	   by	   the	   ga1-­‐5	  
mutation.	  These	  results	  suggest	  that	  a	  low	  gibberellin	  level	  allows	  a	  higher	  expression	  of	  
several	  anthocyanin	  biosynthetic	  genes.	  The	  expression	  of	  AAT	  is	  instead	  lower	  in	  the	  ga1-­‐
5	  mutant.	  
	  
The	   gai	   mutant	   is	   less	   sensitive	   to	   gibberellin-­‐dependent	   repression	   of	  
dihydroflavonol	  reductase	  
To	  gain	  further	   insight	   into	  the	  possible	   interaction	  between	  sucrose	  and	  gibberellin,	  we	  
investigated	   the	   effect	   of	   sucrose	   in	   the	   presence/absence	   of	   GA3	   on	   the	   gibberellin-­‐
insensitive	  mutant	  gai,	  a	  GAI	  gain-­‐of-­‐function	  mutant	  impaired	  in	  GA(s)	  signalling	  (Wilson	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and	  Somerville,	  1995).	  Firstly	  we	  tested	  the	  effect	  of	  sucrose	  supplied	  with	  or	  without	  GA3	  
on	  the	  wild-­‐type,	  Landsberg	  erecta	  (Ler)	  ecotype,	  which	  is	  the	  genetic	  background	  of	  the	  
gai	  mutant.	  The	  results	  showed	  that	  GA3	  was	  able	  to	  counteract	  the	  sucrose	  induction	  of	  
DFR	   expression	   in	   Ler	   seedlings	   (Figure	   5a),	   as	   observed	   in	   the	   Columbia-­‐0	   Arabidopsis	  
ecotype	  (Figure	  2a).	  On	  the	  other	  hand,	  feeding	  the	  gai	  mutant	  seedlings	  with	  sucrose	  and	  
GA3	  resulted	  in	  an	  expression	  of	  DFR	  comparable	  to	  that	  of	  sucrose	  alone	  (Figure	  5a).	  This	  
would	  seem	  to	  prove	  that	  GAI	  signalling	  is	  involved	  in	  the	  cross-­‐talk	  between	  sucrose	  and	  
gibberellin	   in	   wild-­‐type	   Arabidopsis	   seedlings.	   This	   was	   replicated	   and	   confirmed	   using	  
leaves	   from	   Arabidopsis	   adult	   plants	   (Figure	   5b).	   The	   induction	   triggered	   by	   sucrose	   in	  
seedlings	  (Figure	  5a)	  and	   leaf-­‐discs	  (Figure	  5b)	  was	  much	  stronger	   in	  gai,	  which	  was	   less	  
sensitive	  to	  the	  addition	  of	  GA3	  (Figure	  5a-­‐b).	  
	  
Sucrose-­‐induction	   of	   anthocyanin	   biosynthesis	   in	   ABA	   deficient	   and	   insensitive	  
mutants	  	  
To	   better	   understand	   the	   role	   of	   ABA	   in	   anthocyanin	   accumulation	   we	   analyzed	   the	  
responses	   of	   the	   ABA-­‐deficient	   mutant	   (aba1-­‐3),	   impaired	   in	   the	   epoxidation	   of	  
zeaxanthin	  and	  antheraxanthin	   to	  violaxanthin	   (Rock	  and	  Zeevaart,	  1991),	   together	  with	  
the	   ABA-­‐insensitive	   (abi1-­‐1;	   Koornneef	   et	   al.,	   1984)	   mutant	   to	   ABA,	   with	   and	   without	  
sucrose.	   The	  expression	   levels	  of	  DFR	   in	  aba1-­‐3,	  abi1-­‐1,	   and	   in	   the	  wild	   type	   Landsberg	  
erecta	   was	   analyzed	   after	   sucrose,	   and	   after	   sucrose	   with	   ABA	   treatments	   (Figure	   5c).	  
Assuming	   that	   the	   inductive	   effect	   of	   sucrose	   was	   ABA-­‐mediated,	   a	   low	   level	   of	   DFR	  
expression	  would	  have	  been	  expected	   in	   the	  presence	  of	   sucrose	   in	   the	  aba1-­‐3	  mutant.	  
Our	  results	  showed	  that	  DFR	  expression	  level	  in	  sucrose-­‐treated	  aba1-­‐3	  was	  only	  slightly	  
lower	   than	   that	   of	   the	   wild	   type,	   suggesting	   that	   the	   sucrose-­‐driven	   induction	   of	   the	  
anthocyanin	   pathway	   is	   not	   strictly	   dependent	   on	   the	   synthesis	   of	   ABA.	   To	   clarify	   the	  
possible	  interaction	  between	  abscisic	  acid	  and	  sucrose,	  we	  investigated	  the	  effect	  of	  this	  
sugar	  in	  the	  presence/absence	  of	  ABA	  on	  the	  abscisic	  acid-­‐insensitive	  mutant	  (abi1-­‐1).	  Our	  
results	  showed	  that	  the	  synergistic	  effect	  of	  ABA	  and	  sucrose	  was	  retained	  in	  the	  abi1-­‐1,	  
indicating	  the	  ABI1	  is	  not	  required	  for	  the	  effects	  of	  abscisic	  acid	  on	  the	  sucrose-­‐induction	  
anthocyanin	  pathway	  (Figure	  5c).	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Figure	  4.	  Effect	  of	  gibberellin	  on	  the	  ga1-­‐5	  mutant.	  
The	   AtGenExpress	   dataset	   TAIR-­‐ME00343	   	   (GA3	   time	   course	   in	   Col-­‐0	   and	   ga1-­‐5	   mutant	  
seedlings)	  was	   used.	   The	   dataset	  was	   obtained	   using	   seven-­‐day	   old	   Arabidopsis	   seedlings	  
grown	  for	  0.5,	  1,	  3h	  on	  MS	  medium	  (-­‐GA3)	  or	  medium	  supplemented	  with	  GA3	  (1	  	  µM)	  under	  
continuous	   light	  at	  23°C.	  Expression	  data	  were	  visualized	  using	  Heatmapper	  Plus	   software	  
(http://bbc.botany.utoronto.ca/ntools/cgi-­‐bin/ntools_heatmapper_plus.cgi).	   The	   output	   of	  
the	  software	  is	  shown,	  with	  the	  genes	  involved	  in	  each	  metabolic	  step	  represented	  by	  their	  
respective	   gene	   symbols.	   A	   yellow	   square	   (and	   shades	   of	   yellow)	   indicate	   a	   gene	   whose	  
induction	   level	   is	   relatively	   low.	  A	   red	   square	   (and	   shades	  of	   red)	   indicates	   a	   gene	  whose	  
induction	  is	  relatively	  high	  within	  each	  gene	  dataset.	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Figure	  5.	  Effect	  of	  sucrose,	  GA3,	  and	  ABA	  in	  Arabidopsis	  mutants.	  
(a)	  	  DFR	  mRNA	  level	  in	  seedlings	  (4-­‐d	  old)	  of	  the	  wild-­‐type	  (Ler)	  and	  gai	  mutant.	  
(b)	  DFR	  mRNA	  level	  in	  leaf	  discs	  of	  the	  wild-­‐type	  (Ler)	  and	  gai	  mutant.	  
(c)	   DFR	   mRNA	   level	   in	   seedlings	   (4-­‐d	   old)	   of	   the	   wild-­‐type	   (Ler)	   and	   aba1-­‐3	   and	   abi1-­‐1	  
mutants.	  Experimental	  conditions:	  (a,	  c)	  four-­‐day	  old	  Arabidopsis	  seedlings	  were	  grown	  for	  
24h	   on	   a	   sucrose-­‐free	   MS	   medium	   (Control)	   or	   MS	   medium	   supplemented	   with	  
sucrose/hormones	  alone	  or	  fed	  together;	  (b)	  Leaf	  discs	  were	  excised	  from	  Arabidopsis	  plants	  
(rosette	  stage)	  and	  treated	  for	  24h	  on	  a	  sucrose-­‐free	  MS	  medium	  (Control)	  or	  MS	  medium	  
supplemented	  with	  sucrose	  or	  GA3	  with	  sucrose.	  	  Relative	  expression	  level	  (REL),	  measured	  
by	  real-­‐time	  reverse	  transcription	  (RT)-­‐PCR,	  is	  shown.	  (REL:	  	  100	  =	  expression	  data	  from	  the	  
sucrose-­‐treated	  Ler	  sample).	  The	  results	  are	  mean	  ±	  SD	  (n=2).	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COI1	  is	  involved	  in	  the	  sucrose-­‐dependent	  induction	  of	  dihydroflavonol	  reductase	  
Mutants	  defective	   in	   JA-­‐signalling	   include	  coronatine	   insensitive	  1	   (coi1)	   and	   jasmonate-­‐
insensitive	   1	   (jar1)	   mutant	   (Feys	   et	   al.,	   1994;	   Staswick	   et	   al.,	   1992).	   The	   response	   of	  
Arabidopsis	   to	   JA	   requires	   the	  COI1	   gene,	   since	   coi1	  mutants	   fail	   to	   express	   JA-­‐induced	  
genes	   (Feys	  et	  al.,	   1994;	  Benedetti	  et	  al.,	   1995;	  Ellis	   and	  Turner	  2002).	  The	   induction	  of	  
genes	  involved	  in	  anthocyanin	  production	  following	  treatment	  with	  JA	  in	  the	  presence	  of	  
sucrose	   is	   defective	   in	   coi1	  mutants	   (Devoto	   et	   al.,	   2005;	   Kim	   et	   al.,	   2006;	   Chen	   et	   al.,	  
2007).	   We	   therefore	   investigated	   the	   role	   of	   COI1	   and	   JAR1	   in	   the	   sucrose-­‐dependent	  
induction.	  Our	  results	  showed	  that	  the	  induction	  triggered	  by	  sucrose	  is	  retained	  in	  jar1-­‐1	  
(Figure	  6a),	  and	  JA	   is	  still	  able	   to	  enhance	  the	  sucrose-­‐	  dependent	  expression	  of	  DFR,	   in	  
agreement	   with	   Chen	   et	   al.,	   (2007).	   The	   need	   to	   select	   homozygous	   coi1-­‐1	   plants	   by	  
germination	   on	   a	   jasmonate-­‐containing	   medium	   hampers	   the	   use	   of	   seedlings	   as	  
experimental	  material.	  We	   therefore	   selected	   homozygous	   coi1-­‐1	   plants,	   and	   used	   leaf	  
strips	   in	   the	   experiments.	   The	   expression	   of	  DFR	   in	   leaf	   strips	   is	   positively	   affected	   by	  
sucrose,	  JA+Suc	  and,	   interestingly,	  also	  by	  jasmonate,	  a	   likely	  consequence	  of	  the	  higher	  
sugar	   content	   of	   photosynthetic	   tissues	   when	   compared	   to	   germinating	   seedlings.	   The	  
effect	  of	   jasmonate	   is,	  as	  expected,	  strongly	  reduced	   in	  coi1-­‐1.	   Interestingly,	  not	  only	  JA	  
effects	  were	  negligible	  in	  coi1-­‐1,	  but	  also	  the	  response	  to	  sucrose	  was	  lost	  in	  the	  mutant,	  
suggesting	   that	   COI1	   plays	   a	   role	   in	   the	   sucrose-­‐dependent	   signalling	   pathway	   by	  
modulating	  anthocyanin	  biosynthesis	  (Figure	  6b).	  	  
	  
	  
	  
Figure	  6.	  Role	  of	  JAR1	  and	  COI1	  in	  the	  sucrose-­‐induction	  of	  DFR.	  
(a)	  DFR	  mRNA	   level	   in	   four-­‐day	  old	  Col-­‐0	  and	   in	   the	   jar1-­‐1Arabidopsis	   seedlings	  grown	   for	  
24h	  on	  a	  sucrose-­‐free	  MS	  medium	  (Control)	  or	  MS	  medium	  supplemented	  with	  sucrose.	  
(b)	  DFR	  mRNA	  level	  in	  Col-­‐gl	  and	  coi1-­‐1	  plants.	  Leaf	  strips	  from	  Col-­‐gl	  and	  coi1-­‐1	  plants	  were	  
used	  in	  this	  experiment.	  See	  methods	  for	  the	  procedure	  used	  to	  identify	  homozygous	  coi1-­‐1	  
mutants.	  Relative	  expression	   level	   (REL),	  measured	  by	   real-­‐time	  reverse	   transcription	   (RT)-­‐
PCR,	  is	  shown.	  (REL:	  	  100	  =	  expression	  data	  from	  the	  sucrose-­‐treated	  Col	  samples).	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Discussion	  
Anthocyanin	   biosynthesis	   is	   regulated	   by	   a	   complex	   interaction	   between	   internal	   and	  
external	   stimuli	   such	   as	   temperature,	   light,	   carbohydrates,	   water	   stress	   and	   plant	  
hormones.	  	  
The	  involvement	  of	  plant	  hormones	  on	  anthocyanin	  accumulation	  is	  an	  intriguing	  
field	   of	   research,	   but	   the	   literature	   on	   this	   subject	   is	   still	   controversial	   (see	   Table	   1).	  
Taking	   advantage	   of	   a	   model	   plant	   system	   such	   as	   Arabidopsis,	   we	   were	   interested	   in	  
investigating	  the	  possible	  interactions	  between	  sugars	  and	  hormones	  in	  the	  regulation	  of	  
anthocyanin	  biosynthesis.	  Sucrose	  affects	  genes	  involved	  in	  anthocyanin	  biosynthesis	  and	  
the	  effect	  is	  sucrose-­‐specific	  for	  DFR	  and	  genes	  downstream	  of	  it	  (Solfanelli	  et	  al.,	  2005).	  
The	  effects	  of	  sucrose	  on	  genes	  upstream	  of	  DFR	  are	  therefore	  not	  necessarily	  related	  to	  
sucrose	   acting	   as	   a	   specific	   signalling	   pathway,	   but	  may	   be	   linked	   to	   sensing	   of	   exoses	  
arising	  from	  sucrose	  degradation.	  
None	  of	  the	  plant	  hormones	  used	  were	  able	  to	  affect	  significantly	  the	  expression	  
of	  the	  anthocyanin	  biosynthetic	  genes	  unless	  sucrose	  was	  fed	  concomitantly	  (Figure	  1a-­‐b).	  
Our	   results	   indicated	   that	   gibberellins,	   jasmonate	   and	   abscisic	   acid,	   but	   not	   auxin,	  
ethylene	  and	  cytokinins,	  may	  interact	  or	  cross-­‐talk	  with	  sucrose	  to	  form	  a	  complex	  web	  of	  
overlapping	  signalling	  pathways	  that	  coordinate	  anthocyanin	  accumulation.	  	  
Gibberellins	   counteracted	   the	   sucrose	   induction	   of	   anthocyanin	   biosynthesis	  
(Figure	  1a-­‐b;	  Figure	  2a;	  Figure	  3).	  The	  sucrose-­‐induction	  of	  PAP1	  and	  PAP2	  (Borevits	  et	  al.,	  
2000),	  known	  as	  sucrose-­‐dependent	  modulators	  of	  the	  anthocyanin	  pathway	  (Teng	  et	  al.,	  
2005;	  Solfanelli	  et	  al.,	  2006),	  were	  repressed	  with	  the	  addition	  of	  gibberellic	  acid	  (Figure	  
3).	   Genes	   acting	   downstream	   of	   naringenin	   are	   up	   regulated	   in	   the	   ga1-­‐5	   mutant,	  
indicating	   that	   a	   low	   endogenous	   gibberellin	   level	   favours	   the	   expression	   of	   the	  
anthocyanin	   pathway	   genes	   (Figure	   4).	   Interestingly,	   the	   expression	   of	   AAT	   is,	   instead,	  
lower	  in	  the	  ga1-­‐5	  mutant	  (Figure	  4),	  in	  agreement	  with	  the	  positive	  effects	  of	  GA3	  on	  the	  
expression	   of	   this	   gene	   (Figure	   3).	   The	   use	   of	   gai	  mutant	   seedlings	   (Peng	   et	   al.,	   1997)	  
revealed	  that	  GAI	  is	  involved	  in	  the	  cross-­‐talk	  between	  sucrose	  and	  gibberellins	  (Figure	  5a-­‐
b).	  Jiang	  et	  al.	  (2007)	  detected	  a	  low	  level	  F3’H,	  LDOX,	  and	  UF3GT	  expression	  in	  leaves	  of	  a	  
loss-­‐of-­‐function	   GAI	   mutant,	   suggesting	   that	   GAI,	   a	   DELLA	   protein,	   is	   required	   for	   the	  
expression	  of	  these	  genes.	   Interestingly,	  the	  expression	   level	  of	  DFR	  was	  much	  higher	   in	  
seedlings	   and	   leaves	   of	   the	   gai	   mutant	   (Figure	   5a-­‐b),	   suggesting	   that	   gibberellins	  
modulate	   the	  anthocyanin	  biosynthetic	  pathway	   through	   the	  activity	  of	  DELLA	  proteins.	  
This	   is	   in	   agreement	   with	   Jiang	   et	   al.	   (2007)	   who	   demonstrated	   that	   the	   phosphate-­‐
starvation-­‐dependent	   expression	   of	   some	   genes	   involved	   in	   the	   anthocyanin	   pathway	  
requires	  the	  activity	  of	  DELLA	  proteins.	  	  
The	  jasmonate	  family	  of	  signalling	  molecules	  regulates	  responses	  to	  many	  biotic	  
and	   abiotic	   stresses	   (Turner	   et	   al.,	   2002;	   Devoto	   and	   Turner,	   2003,	   Balbi	   and	   Devoto,	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2007).	  Moreover,	  JAs	  may	  also	  stimulate	  anthocyanin	  accumulation	  in	  many	  plant	  systems	  
(Table	  1).	  JA	  enhanced	  the	  sucrose-­‐induction	  of	  the	  entire	  biosynthetic	  pathway,	  including	  
the	  two	  transcription	  factors	  PAP1	  and	  PAP2	  (Figure	  3).	  The	  synergistic	  effect	  was	  present	  
at	  mRNA	  level	  (Figure	  2b;	  Figure	  3)	  and	  correlates	  with	  anthocyanin	  accumulation	  (Figure	  
1a).	  In	  agreement	  with	  our	  results,	  feeding	  corn	  (Zea	  mays	  L.)	  leaves	  with	  JA	  and	  sucrose	  
resulted	  in	  enhanced	  anthocyanin	  content	  (Kim	  et	  al.,	  2006).	  In	  Arabidopsis,	  the	  ability	  of	  
jasmonate	  to	  induce	  several	  anthocyanin	  genes	  has	  been	  reported	  elsewhere	  (Devoto	  et	  
al.,	   2005;	   Chen	   et	   al.,	   2007).	   In	   our	   study,	   however,	   JA	   applied	   to	   Arabidopsis	   in	   the	  
absence	  of	  sucrose	  had	  no	  effect	  on	  the	  expression	  of	  gene	  coding	  for	  enzymes	  involved	  
in	   the	   anthocyanin	   biosynthetic	   pathway.	   This	   discrepancy	   is	   easily	   explained,	   since	  
sucrose	  was	  probably	  present	  in	  the	  experiments	  performed	  by	  Devoto	  et	  al.	  (2005)	  and	  
Chen	  et	  al.	  (2007)	  who	  grew	  their	  seedlings	  in	  Murashige-­‐Skoog	  medium,	  which	  contains	  
enough	  sucrose	  (58	  mM)	  to	  induce	  the	  anthocyanin	  genes	  (Solfanelli	  et	  al.,	  2006).	  The	  JA	  
effect	  observed	   is	   thus	   likely	   to	  be	  an	  enhancing	  effect	  of	   JA	  on	   the	   sucrose-­‐dependent	  
pathway	  or,	  alternatively,	  sucrose	  represents	  a	  pre-­‐requisite	  for	  the	  action	  of	  jasmonate.	  
It	  was	  recently	  shown	  that	  the	  jasmonate-­‐insensitive	  coi1-­‐2	  mutant	  is	  not	  JA	  responsive	  in	  
terms	  of	  DFR	  expression	  and	  that	  COI1,	  but	  not	   JAR1	  genes,	   is	   required	  for	   JA-­‐mediated	  
anthocyanin	  accumulation	  (Chen	  et	  al.,	  2007).	  Our	  results	  indicate	  that	  COI1	  is	  involved	  in	  
the	   sucrose-­‐dependent	   signalling	   pathway	   (Figure	   6),	   suggesting	   a	   convergence	   of	   the	  
sucrose	  and	  jasmonate	  signalling	  pathways.	  
In	   several	   plant	   systems	   ABA	   induced	   anthocyanin	   accumulation,	   whereas	   in	  
others	   it	   had	   a	   repressive	   role	   (Table	   1).	   ABA	   co-­‐supplied	   with	   sucrose	   showed	   a	  
synergistic	  effect	  on	  anthocyanin	  accumulation	  and	  gene	  expression.	   In	  our	  experiments	  
ABA	  alone	  had	  an	  inductive	  effect	  only	  on	  AAT	  and	  PAP2	  genes.	  It	  was	  recently	  reported	  
that	   PAP2	   (AtMYB90)	   is	   up-­‐regulated	   in	   response	   to	   drought,	   salt	   and	   ABA	   treatments	  
(Tonelli	  et	  al.,	  2007).	  The	  anthocyanin	  pathway	   in	  maize	  was	  blocked	   in	  the	  viviparous-­‐1	  
(vp1)	  mutant,	   an	   abscisic	   acid	   insensitive	   mutant	   (McCarty	   et	   al.,	   1989).	   The	   block	   in	  
anthocyanin	  synthesis	   in	  the	  vp1	  mutant	   is	  associated	  with	  the	  failure	  to	  express	  the	  C1	  
gene,	  an	  MYB	  transcription	  factor	  similar	  to	  Arabidopsis	  PAP1	  and	  PAP2,	  during	  the	  seed	  
maturation	   of	   maize	   (McCarty	   et	   al.,	   1989).	   In	   addition,	   it	   was	   demonstrated	   that	   the	  
activity	   of	  C1	   promoters	  was	  not	   only	   regulated	  by	  Vp1	   but	   also	  by	  ABA	   (Hattori	   et	   al.,	  
1992).	  This	  evidence	  led	  us	  to	  investigate	  the	  role	  of	  ABA	  in	  the	  presence	  and	  absence	  of	  
sucrose	   in	  mutants	   altered	   in	   their	   ability	   to	  produce	  ABA	  or	   transduce	   the	  ABA	   signals	  
(Figure	   5c).	  Our	   results	   showed	   that	  DFR	  mRNA	   levels	   in	  aba1-­‐3	   and	   in	  abi1-­‐1	  mutants	  
were	  similar	   to	   those	  of	   the	  wild	   type,	  suggesting	   that	  ABA	  was	  not	  strictly	   required	   for	  
sucrose-­‐dependent	  anthocyanin	  induction	  (Figure	  5c).	  	  
Our	  results	  suggest	  a	  possible	  convergence	  of	  the	  sucrose	  and	  hormone	  signalling	  
pathways	   in	   the	   regulation	   of	   the	   anthocyanin	   biosynthetic	   pathway.	   It	   is	   tempting	   to	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speculate	  about	  the	  possible	   involvement	  of	  the	  ubiquitination/proteasome	  pathway	  for	  
protein	  degradation	  as	  a	  player	   in	  both	  phytohormone	  and	   sugar	   responses	   (Ellis	   et	   al.,	  
2002).	  The	  Arabidopsis	  ASK1	  gene,	  which	  encodes	  a	   subunit	  of	  a	  SCF	  ubiquitin	   ligase,	   is	  
involved	  in	  the	  response	  to	  jasmonate	  (Santner	  and	  Estelle,	  2007)	  and	  interacts	  with	  the	  
Arabidopsis	   KIN10	   and	   KIN11,	   two	   SNF1-­‐related	   protein	   kinases	   (SnRK)	   (Farrás	   et	   al.,	  
2001).	   Interestingly,	   sucrose	   represses	  KIN10,	  a	  SnRK1	   that,	  when	  over-­‐expressed,	   leads	  
to	   repression	   of	   PAP1	   (Baena-­‐Gonzalez	   et	   al.,	   2007).	   SnRKs	   are	   important	   elements	   in	  
sugar	   responses	   (Halford	   et	   al.,	   2003;	   Rolland	   et	   al.,	   2006),	   and	   these	   results	   suggest	   a	  
possible	  SnRK-­‐ASK1	  function	  in	  both	  jasmonate	  and	  sugar	  responses.	  	  Sucrose-­‐dependent	  
interaction	   of	   SnRK1	   proteins	   may	   lead	   to	   a	   faster	   degradation	   of	   JAZ	   protein	   by	   the	  
SCFCOI1	   complex	   (Santner	   and	   Estelle,	   2007),	   triggering	   de-­‐repression	   of	   the	   MYC2/JAZ	  
complex	  which	  in	  turn	  leads	  to	  the	  expression	  of	  JA-­‐regulated	  anthocyanin	  genes.	  In	  this	  
scenario,	  possibly	  through	  SnRK	  activity,	  sucrose	  acts	  as	  an	  activator	  of	  SCF	  complexes	  and	  
would	   therefore	   represent	   a	   prerequisite	   for	   JA	   action.	   Since	   gibberellin	   signalling	  
depends	   on	   SCFSLY1	   activity,	   which	   causes	   the	   destruction	   of	   the	   DELLA	   proteins	   that	  
repress	   the	   action	   of	   GAs,	   the	   negative	   effects	   of	   GAs	   on	   the	   anthocyanin	   biosynthetic	  
pathway	  can	  also	  be	  explained	  by	  hypothesizing	  a	  sucrose-­‐enhanced	  SCFSLY1	  activity.	  	  This	  
activity,	   in	   the	   presence	   of	   GAs,	   induces	   the	   transcription	   of	   GA-­‐dependent	   genes	  
encoding	   repressor(s)	  of	   the	  anthocyanin	  genes.	   The	  gai-­‐encoded	  DELLA	  protein	   cannot	  
be	   degraded	   by	   the	   SCFSLY1	   complex,	   resulting	   in	   the	   constitutive	   repression	   of	   the	  GA-­‐
dependent	  signalling	  pathway	  and,	  consequently,	  a	  higher	  expression	  of	  the	  DFR	  gene	  can	  
be	  observed	  (Figure	  5a-­‐b).	  GA-­‐treatments	  or	  mutants	  with	  reduced	  DELLA	  function	  result	  
in	   an	   inability	   to	   induce	   some	   anthocyanin	   genes	   (Jiang	   et	   al.,	   2007),	   supporting	   the	  
requirement	   of	   repressed	   GA-­‐signalling	   as	   a	   pre-­‐requisite	   for	   the	   induction	   of	   the	   GA-­‐
biosynthesis	   pathway.	   In	   this	   framework,	   the	   ABA	   effect	   can	   also	   be	   seen	   as	   part	   of	   a	  
mechanism	  with	  DELLA	  proteins	  playing	  a	  central	   role.	   In	   fact	   it	  has	  been	  demonstrated	  
that	  ABA	  increases	  the	  stability	  of	  RGA	  and	  blocks	   its	  GA-­‐induced	  degradation	  (reviewed	  
by	  Weiss	  and	  Ori,	  2007).	  ABA	  may	  therefore	  act	  as	  a	  repressor	  of	  the	  GA-­‐pathway	  and	  de-­‐
repress	  the	  synthesis	  of	  anthocyanin	  genes.	  Further	  research	  is	  thus	  required	  to	  elucidate	  
these	  interacting	  regulative	  networks.	  	  
Overall,	   our	   results	   indicated	   that	   a	   cross-­‐talk	   between	   sucrose	   and	   hormones	  
controls	  anthocyanin	  biosynthesis	   in	  Arabidopsis	   thaliana.	  The	  ability	  of	  plant	  hormones	  
to	  modulate	  the	  anthocyanin	  biosynthetic	  pathway	   is	  highly	  dependent	  on	  the	  presence	  
of	   sucrose	   acting	   as	   a	   consensus-­‐signalling	  molecule.	   It	   thus	   appears	   that	   an	   adequate	  
metabolic	   status,	   signalled	   by	   the	   sugar	   plant	   level,	   is	   a	   pre-­‐requisite	   for	   the	   action	   of	  
plant	  hormones	  to	  regulate	  anthocyanin	  accumulation.	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Materials	  and	  methods	  
	  
Plant	  and	  growth	  condition	  
Arabidopsis	   thaliana,	   ecotype	   Columbia	   (Col-­‐0;	   if	   not	   otherwise	   specified)	   seeds	   were	  
sterilized	  for	  7	  min	   in	  1.7%	  (v/v)	  bleach	  solution,	   incubated	  over	  night	   in	  4%	  PPM	  (Plant	  
Preservative	   Mixture,	   Plant	   Cell	   Technology,	   Washington	   DC,	   USA)	   in	   a	   full	   strength	  
sterilized	  Murashige-­‐Skoog	  (MS)	  salt	  solution	  with	  gentle	  shaking.	  Subsequently	  the	  seeds	  
were	   rinsed	   in	   abundant	   sterile	  water	   and	   transferred	   into	  2.5	  ml	   liquid	   growing	  media	  
(MS	  half	   strength	  solution	  +/-­‐	   sugars)	  with	  0.05%	  PPM	   in	  6-­‐well	  plates.	  The	  plates	  were	  
incubated	  in	  the	  dark	  at	  4°C	  for	  two	  days	  and	  finally	  transferred	  to	  continuous	  light	  (90µm	  
photons/	   m-­‐2)	   with	   gentle	   swirling	   for	   four	   days	   in	   a	   plant	   growth	   chamber	   at	   22°C.	  
Treatments	  were	   performed	   by	   adding	   a	   sugar/hormone	   solution	   to	   selected	  wells	   and	  
water	   to	   the	   control	   wells.	   Sugar	   and	   hormones	   were	   used	   at	   the	   following	  
concentrations,	   unless	   differently	   indicated:	   sucrose	   90mM,	   GAs	   20µM;	   ABA	   5µM;	   BA	  
10µM;	   JA	   45µM;	   ACC	   50µM;	   2,4D	   1µM.	   	   For	   the	   coi1-­‐1	   experiment,	   seeds	   were	  
germinated	   on	   jasmonate	   (30	   µM)	   to	   identify	   coi1-­‐1	   homozygous	   plants	   (Feys	   et	   al.,	  
1994);	   wild-­‐type	   (Col-­‐gl)	   seeds	   were	   germinated	   on	   JA-­‐free	   medium.	   Fourteen-­‐day	   old	  
wild-­‐type	   (Col-­‐gl)	   and	   coi1-­‐1	   Arabidopsis	   plants	   were	   collected	   and	   transferred	   in	   pots	  
containing	  a	  peat-­‐based	   substrate.	   Plants	  were	  grown	   in	   a	   growth	  chamber	   for	  20	  days	  
(22°C,	  110µm	  photons/	  m-­‐2,	  11/13h	  light/night	  photoperiod).	  Leaves	  were	  collected,	  cut	  in	  
0.5	   cm-­‐wide	   strips	   and	   treated	   for	   24h	   on	   a	   sucrose-­‐free	  MS	  medium	   (Control)	   or	  MS	  
medium	  supplemented	  with	  sucrose,	  JA,	  JA+Suc.	  
	  
Anthocyanin	  quantification	  
Arabidopsis	  seedling	  extraction	  was	  performed	  as	  described	  by	  Ronchi	  et	  al.,	  (1997)	  with	  
minor	   modifications.	   In	   brief,	   seedlings	   were	   ground	   in	   one	   volume	   HCl	   1%	   (v/v)	   in	  
methanol	  with	  the	  addition	  of	  2/3	  volume	  of	  distilled	  water.	  Extracts	  were	  recovered	  and	  
one	  volume	  of	  chloroform	  was	  added	  to	  remove	  chlorophylls	  by	  mixing	  and	  centrifugation	  
(1	  min	  at	  14000	  g).	  The	  anthocyanin	  contained	  in	  the	  aqueous	  phase	  were	  recovered	  and	  
absorbance	   was	   determined	   spectrophotometrically	   (A535	   nm).	   Mean	   values	   were	  
obtained	  from	  three	  independent	  replicates.	  
	  
RNA	  Isolation	  and	  gel	  blots	  
RNA	  extraction	  was	  performed	  by	  using	  the	  aurintricarboxylic	  acid	  method	  as	  previously	  
described	   (Perata	   et	   al.,	   1997).	   The	   amount	   of	   total	   RNA	   loaded	   per	   lane	   for	  
electrophoresis	  was	   20	   μg.	   RNA	  was	   electrophoresed	   on	   1%	   (w/v)	   agarose	   glyoxal	   gels,	  
and	  blotted	  on	  a	  nylon	  membrane	  (BrightStar-­‐Plus®,	  Ambion,	  Austin,	  Texas	  USA)	  using	  the	  
procedure	   recommended	   by	   the	   manufacturer.	   Membranes	   were	   prehybridized	   and	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hybridized	   using	   a	   NorthernMax-­‐Gly®	   kit	   (Ambion,	   Austin,	   Texas	   USA).	   Radiolabeled	  
probes	   were	   prepared	   from	   gel-­‐purified	   cDNAs	   by	   random	   primer	   labeling	   (Takara	  
Chemicals,	  Shiga,	  Japan)	  with	  [α32P]-­‐dCTP.	  Equal	  loading	  was	  checked	  by	  reprobing	  with	  
an	   rRNA	   cDNA	   probe	   (data	   not	   shown).	   RNA	   blots	   were	   scanned	   using	   a	   Cyclone	  
Phosphoimager	  (Packard	  Bioscience,	  Perkin	  Elmer,	  Foster	  City,	  CA,	  USA).	  The	  mRNA	  level	  
was	   quantified	   using	  Optiquant	   software	   (Packard	  Bioscience,	   Perkin	   Elmer,	   Foster	   City,	  
CA,	  USA).	  
	  
Expression	  analysis	  
The	  total	  RNA,	  extracted	  using	  the	  RNAqueous	  kit	  (Ambion,	  Austin,	  Texas,	  USA)	  according	  
to	  the	  manufacturer’s	  instructions,	  was	  subjected	  to	  DNase	  treatment	  using	  a	  TURBO	  DNA	  
free	   kit	   (Ambion).	   Two	  micrograms	   of	   each	   sample	  were	   reverse	   transcribed	   into	   cDNA	  
with	   a	   “High	   capacity	   cDNA	   archive	   kit”	   (Applied	   Biosystems,	   Foster	   City,	   CA,	   USA).	  
RealTime	  PCR	  amplification	  was	  carried	  out	  using	  an	  ABI	  Prism®	  7000	  Sequence	  Detection	  
System	   (Applied	   Biosystems,	   Foster	   City,	   USA),	   with	   primers	   described	   in	   Supplemental	  
Table	  2.	  Ubiquitin10	  (UBQ10)	  was	  used	  as	  an	  endogenous	  control.	  Specific	  Taqman	  probes	  
for	  each	  gene	  were	  used.	  Probe	  sequences	  are	   reported	   in	  Table	  2.	  PCR	   reactions	  were	  
carried	   out	   using	   50	   ng	   of	   cDNA	   and	   “TaqMan	   Universal	   PCR	   Master	   Mix”	   (Applied	  
Biosystems)	   following	   the	  manufacturer’s	   protocol.	   Relative	   quantitation	   of	   each	   single	  
gene	  expression	  was	  performed	  using	  the	  comparative	  CT	  method	  as	  described	  in	  the	  ABI	  
PRISM	  7700	  Sequence	  Detection	  System	  User	  Bulletin	  #2	  (Applied	  Biosystems).	  In	  order	  to	  
allow	   an	   easier	   comparison	   of	   the	   effects	   of	   hormones	   on	   the	   induction	   of	   genes,	   we	  
arbitrary	  set	  to	  “100”	  the	  expression	  level	  of	  the	  sucrose-­‐treated	  samples,	  a	  treatment	  in	  
common	  with	  all	   the	  experimental	   conditions	  used.	   	  The	   relative	  expression	   levels	  were	  
represented	  as	  heatmaps	  in	  Figure	  3,	  using	  Heatmapper	  Plus	  software,	  a	  general	  tool	  for	  
applying	   a	   third	   dimension	   of	   information	   via	   colour-­‐coding	   to	   a	   2-­‐D	   table.	  
(http://bbc.botany.utoronto.ca/ntools/cgi-­‐bin/ntools_heatmapper_plus.cgi).	  	  
The	  AtGenExpress	  dataset	  TAIR-­‐ME00343	  	  (GA3	  time	  course	  in	  wildtype	  and	  ga1-­‐5	  mutant	  
seedlings)	   was	   used	   to	   evaluate	   the	   effects	   of	   GA-­‐deficiency	   of	   the	   expression	   of	   the	  
anthocyanin-­‐related	   genes.	   Data	   were	   visualized	   using	   the	   using	   Heatmapper	   Plus	  
software.	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Table	  2.	  	  List	  of	  primers	  and	  Taqman	  probes	  used	  in	  Real	  Time	  PCR	  analysis.	  
	  
Gene	  
Description	  
5’-­‐3’	  sequence	  
	  
At1g56650	  (PAP1)	  
primer	  forward	   CCGCAAATGACGTCAAGAATTACTG	  
primer	  reverse	   GGAATGGGCGTAATGTCTCTCTTTT	  
TaqMan	  probe	   ACACGGTTCATGTTTCTTAC	  
	  
At1g51680	  
PAP2	  
primer	  forward	   GTGAAAATAGTATCACATGTAACAAAGATGATGAG	  
primer	  reverse	   CCCCAGTAAATTCTCCAACCACATA	  
TaqMan	  probe	   AAAGATGATTTTTGTGAATAATC	  
	  
At2g37040	  
PAL	  
primer	  forward	   CCAAAAACGGTGTCGCACT	  
primer	  reverse	   GCTTCCGAATATTCCGGCGTTAA	  
TaqMan	  probe	   TCAGAAGGAACTTATTAGATTCC	  
	  
At2g30490	  
C4H	  
primer	  forward	   GGAGAAATCAACGAGGACAATGTTC	  
primer	  reverse	   CCACTCGATAGACCACAATGTTGT	  
TaqMan	  probe	   CAATCGCGGCGACATT	  
	  
At3g48990	  
4CL	  
primer	  forward	   GTGGGTCGGATCAAAGAGCTT	  
primer	  reverse	   AGAGTACTGCATCCACTTCAATTGG	  
TaqMan	  probe	   CTCACCTCCACGGTTAAT	  
	  
At5g13930	  
CHS	  
primer	  forward	   CCGACCTCAAGGAGAAGTTCAAG	  
primer	  reverse	   GCATGTGACGTTTCCGAATTGT	  
TaqMan	  probe	   CATGTGCGACAAGTCG	  
	  
At5g05270	  
CHI	  
primer	  forward	   GAATCTATCCCGTTCTTCCGTGAA	  
primer	  reverse	   GGCAGTTTCATTGTCACCTTGATAA	  
TaqMan	  probe	   ACGCACCGGTGACTAT	  
	  
At3g51240	  
F3H	  
primer	  forward	   AGGAGCGTTTGTCGTCAATCTC	  
primer	  reverse	   GCATTCTTGAACCTCCCATTGC	  
TaqMan	  probe	   ACGGCCATTTTTTG	  
	  
At5g63590	  
FLS	  
primer	  forward	   CTTCCGGGATCATCGTCATCATC	  
primer	  reverse	   GCCCTATGCTCCACACTCTTATACT	  
TaqMan	  probe	   CATTGCTCATTCTCAAGAAT	  
	  
At5g07990	  
F3’H	  
primer	  forward	   CAGACATCGCTCAGCTTCCTTA	  
primer	  reverse	   GGTGGATGAAGCCTGAAATTCTCTT	  
TaqMan	  probe	   CCTTCAGGCGGTTATC	  
	  
At5g42800	  
DFR	  
primer	  forward	   CCTTATCACCGCGCTCTCT	  
primer	  reverse	   TGTCCTTGTCTTATGATCGAGTAATGC	  
TaqMan	  probe	   CCTCGTTCCGAGTGATAG	  
	  
At4g22870	  
LDOX	  
primer	  forward	   TCAATTTGGCCTAAGACACCAAGT	  
primer	  reverse	   TCGCTAGCAAACGAAGACACTT	  
TaqMan	  probe	   ACTCGTTGCTTCTATGTAATC	  
	  
At5g54060	  
UF3GT	  
primer	  forward	   CAACTGGTTTTCCGTTTCTGGTT	  
primer	  reverse	   GCTTCCTCGACGGTTGATACAC	  
TaqMan	  probe	   CCGAAGGAGGCTTAATG	  
	  
At5g61160	  
AAT	  
primer	  forward	   TGTTTCTACCTTCGTGGTGACTCTA	  
primer	  reverse	   TGTGGTATTGGTTGTGTGTACTTGAG	  
TaqMan	  probe	   ACGATTCCCAAATGAAAGC	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Chapter	  4	  
	  
Transcriptional	   analysis	   in	   high-­‐anthocyanin	   tomatoes	   reveals	  
synergistical	  effect	  of	  Aft	  and	  atv	  genes	  
with	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Abstract	  
Anthocyanins	  are	  high	  value	  plant	  antioxidants,	  which	  are	  not	  present	  in	  the	  fruits	  of	  the	  
cultivated	   tomato.	   However,	   both	   the	   dominant	   gene	   Anthocyanin	   fruit	   (Aft)	   and	   the	  
recessive	  gene	  atroviolacea	  (atv),	  when	  introgressed	  into	  the	  domesticated	  tomato	  from	  
two	   different	   wild	   Solanum	   species,	   stimulate	   a	   limited	   anthocyanin	   pigmentation.	  
Surprisingly,	   the	  double	  mutant	  Aft/Aft	  atv/atv	   gives	   rise	   to	   intensely	  purple	  pigmented	  
tomatoes.	  	  
A	   transcript	   profiling	   analysis	  was	   carried	   out	   using	   quantitative	   RT-­‐PCR	   and	  GeneChip®	  
Tomato	  Genome	  Arrays	   to	   identify	  differentially	  expressed	  genes	  when	  comparing	  Ailsa	  
Craig,	  Aft/Aft,	  atv/atv,	  and	  Aft/Aft	  atv/atv	  fruits.	  Anthocyanin	  levels	  and	  the	  expression	  of	  
the	  genes	   involved	   in	  anthocyanin	  production	  and	  compartmentalization	  were	  higher	   in	  
the	   peel	   of	   Aft/Aft	   atv/atv	   fruits	   than	   in	   the	   individual	   parental	   lines.	   Moreover,	   a	  
synergistic	  effect	  of	  the	  two	  alleles	  Aft	  and	  atv	  on	  the	  transcription	  of	  specific	  anthocyanin	  
genes	   and	   the	   activation	   of	   the	  whole	   anthocyanin	   pathway	  was	   observed.	   Among	   the	  
differentially	   expressed	   transcripts,	   genes	   involved	   in	   the	   phenylpropanoid	   pathway,	  
biotic	   and	   abiotic	   stress	   responses,	   cell	   wall	   and	   hormone	   metabolism	   were	  
overrepresented	   in	  Aft/Aft	  atv/atv	   fruit	  peel.	  Transcriptomic	  analyses	  thus	  revealed	  that	  
the	  activation	  of	  anthocyanin	  synthesis	  in	  the	  peel	  of	  tomato	  fruit	  was	  accompanied	  by	  a	  
complex	  remodulation	  of	  gene	  expression.	  
	  
Introduction	  
Anthocyanins	   represent	  an	   important	  group	  of	  polyphenolic	  pigments	  deriving	   from	  the	  
phenylpropanoid	  biochemical	  pathway.	   They	  belong	   to	   the	   class	  of	   flavonoids,	  of	  which	  
they	  are	  the	  most	  conspicuous,	  owing	  to	  the	  wide	  range	  of	  chemical	  structures	  that	  derive	  
from	   their	   synthesis	   (Holton	   and	   Cornish,	   1995).	   Besides	   providing	   attractive	   colours	   in	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flowers,	   fruits,	  seeds	  and	   leaves,	  anthocyanins	  have	  other	   important	   functions	   in	  plants.	  
They	   can	   be	   synthesized	   in	   response	   to	   stressful	   events,	   such	   as	   high	   irradiance	   or	   low	  
temperatures,	   against	   which	   they	   can	   protect	   the	   plant	   since	   they	   act	   both	   as	   a	   light-­‐
screen	  and	  as	  scavengers	  for	  radical	  species	  (Gould,	  2004).	  	  
Due	   to	   their	   ubiquitous	   presence	   in	   plants,	   anthocyanins	   are	   important	  
components	   in	   the	   human	   diet.	   Recent	   evidence	   suggests	   that	   anthocyanins	   and	   other	  
flavonoids	  represent	  potent	  biomolecules	  with	  beneficial	  effects	  for	  human	  health.	  They	  
act	   as	   anticancer	   agents,	   cardioprotectants,	   and	   inhibitors	   of	   neurodegeneration,	   as	   a	  
result	  of	  their	  antioxidant	  activity,	  and	  their	  ability	  to	  induce	  protective	  enzymes	  (Levin	  et	  
al.,	  2006).	  	  
Unfortunately,	   anthocyanins	   are	   not	   present	   in	   the	   edible	   products	   of	   some	  
important	   crop	   plants,	   such	   as	   tomato,	   whose	   fruit	   is	   one	   of	   the	   most	   consumed	  
vegetables	   worldwide.	   Cultivated	   tomatoes	   (Solanum	   lycopersicum	   L.)	   produce	  
anthocyanins	   in	   vegetative	   tissues,	   but	   only	   small	   amounts	   of	   other	   flavonoids,	   such	   as	  
naringenin	  chalcone	  and	  flavonols,	  can	  be	  found	  in	  the	  fruit	  (Muir	  et	  al.,	  2001;	  Torres	  et	  
al.,	   2005;	   Bovy	   et	   al.,	   2007).	   As	   a	   consequence,	   tomato	   is	   considered	   an	   excellent	  
candidate	   for	   an	   enhancement	   of	   the	   flavonoid	   and	   anthocyanin	   contents	   through	  
transgenic	   approaches	   (Gonzali	   et	   al.,	   2009).	   Recently,	   Butelli	   et	   al.	   (2008)	   expressed	   in	  
tomato	   Delila	   and	   Rosea1,	   two	   genes	   coding	   for	   transcription	   factors	   involved	   in	  
anthocyanin	   production	   in	   snapdragon.	   The	   fruits	   of	   the	   engineered	   tomato	   plants	  
displayed	  strong	  anthocyanin	  accumulation	  both	  in	  the	  peel	  and	  flesh,	  thus	  demonstrating	  
that	   the	  anthocyanin	  biosynthetic	  pathway	   is	   fully	  present	  and	   functional	   in	   the	   fruit	  of	  
this	  species	  if	  activated	  appropriately.	  However,	  consumers	  are	  often	  reluctant	  to	  accept	  
genetically	  modified	  fruits	  and	  vegetables.	  As	  a	  consequence,	  there	  is	  ongoing	  interest	  in	  
non-­‐transgenic	   tomato	   lines	   producing	   anthocyanins	   in	   the	   fruit.	   Indeed,	   some	   wild	  
species	   accumulate	   anthocyanins	   in	   the	   peel	   of	   the	   fruit,	   and	   this	   trait	   has	   been	  
transferred	  into	  the	  cultivated	  tomato	  by	  interspecific	  crosses	  (Gonzali	  et	  al.,	  2009).	  	  
The	   dominant	   gene	  Aft	   (Anthocyanin	   fruit)	  was	   introgressed	   into	   domesticated	  
tomato	   plants	   by	   a	   	   cross	  with	   S.	   chilense	   (Jones	   et	   al.,	   2003).	  Aft	   triggers	   anthocyanin	  
accumulation	   in	   immature	   green	   fruit	   upon	   stimulation	   by	   high	   light.	   Subsequently,	  
pigments	  are	  produced	  continuously	  throughout	  development	  (Mes	  et	  al.,	  2008).	  The	  Aft	  
gene	   identity	  has	  still	   to	  be	  revealed.	  Recent	   linkage	  analyses	  showed	  that	   the	  Aft	   locus	  
co-­‐segregates	  with	  two	  different	  MYB	  transcription	  factor	  genes	  located	  on	  chromosome	  
10,	  SlAN2	  (Mes	  et	  al.,	  2008;	  Boches	  et	  al.,	  2009)	  and	  Anthocyanin	  1	  (SlANT1)	  (Sapir	  et	  al.,	  
2008),	  both	  involved	  in	  anthocyanin	  synthesis	  in	  tomato	  (Mathews	  et	  al.,	  2003;	  Mes	  et	  al.,	  
2008).	  	  
A	  recessive	  gene,	  atv	   (atroviolacea),	  derived	  from	  the	   interspecific	  cross	  with	  S.	  
cheesmaniae	  (L.	  Riley)	  Fosberg,	  has	  been	  shown	  to	  influence	  anthocyanin	  pigmentation	  in	  
 73 
the	  entire	  tomato	  plant,	  particularly	   in	  the	  vegetative	  tissues	  (Mes	  et	  al.,	  2008).	  The	  Atv	  
gene	  has	  been	  located	  to	  chromosome	  7	  (Rick	  et	  al.,	  1968)	  and	  previous	  studies	  indicated	  
that	   its	   mutation	   may	   affect	   phytochrome	   responses,	   since	   atv	   plants	   exhibit	   an	  
exaggerated	   response	   to	   red	   light	   in	   terms	   of	   anthocyanin	   production	   (Kendrick	   et	   al.,	  
1997).	  	  
Tomato	   plants	   with	   both	   Aft	   and	   atv	   alleles	   have	   been	   produced	   (Mes	   et	   al.,	  
2008;	   Gonzali	   et	   al.,	   2009).	   They	   can	   be	   distinguished	   by	   the	   presence	   of	   intensely	  
pigmented	  fruits.	   In	   these	  double	  mutants,	  hereafter	  called	  Aft/Aft	  atv/atv,	  anthocyanin	  
production	  initiates	  in	  the	  skin	  of	  immature	  green	  fruit	  with	  continued	  accumulation	  until	  
ripening,	  and	  is	  strongly	  stimulated	  by	   light	  (Mes	  et	  al.,	  2008)	  and	  low	  temperature	  (our	  
unpublished	  data).	  An	  accurate	  metabolic	  characterization	  of	  Aft,	  atv,	  and	  Aft/Aft	  atv/atv	  
fruits	  was	   performed	  by	  Mes	   et	   al.	   (2008),	  who	   analyzed	   the	   anthocyanidin	   profile	   and	  
content	  of	   the	  various	  genetic	  combinations.	   In	   the	   fruits	  of	   the	  double	  mutant	   line	   the	  
primary	  anthocyanidin	  accumulated	  was	  petunidin,	  with	  malvidin	  and	  delphinidin	  present	  
at	   lower	   levels	   (Mes	   et	   al.,	   2008).	   Different	   glycosyl	   and	   acyl	   moieties	   were	   identified.	  
However,	   the	   anthocyanidin	   profile	   of	  Aft/Aft	  atv/atv	   fruits	  was	   consistent	  with	   results	  
from	  previous	  analyses	  on	  high	  anthocyanin	  tomatoes	  (Jones	  et	  al.,	  2003;	  Mathews	  et	  al.,	  
2003),	   indicating	   that	   Aft	   and	   atv	   alleles	   likely	   do	   not	   affect	   structural	   genes	   of	   the	  
biosynthetic	  pathway.	  No	  influence	  of	  anthocyanin	  accumulation	  on	  carotenoid	  levels	  was	  
detected	  (Mes	  et	  al.,	  2008).	  	  
Anthocyanin	  gene	  expression	  patterns	   for	   these	  single	  and	  double	  mutant	   lines	  
are	   still	   incomplete,	   and	   possible	   transcriptomic	   changes	   associated	   with	   anthocyanin	  
production	   are	   not	   known.	   In	   this	   study,	   a	   detailed	   transcript	   profiling	   analysis	   of	   the	  
anthocyanin	  biosynthetic	  pathway	  was	  carried	  out	   in	   these	  tomato	  fruits,	   thus	  revealing	  
sets	  of	  differentially	   regulated	  genes	  and	  synergistical	  effects	  of	  Aft	  and	  atv.	  Our	  results	  
demonstrate	   that	   the	   regulation	   of	   transcripts	   involved	   in	   the	   phenylpropanoid	  
metabolism	   is	   tightly	   linked	   to	   the	  anthocyanic	  phenotypes	  of	   tomato	   fruits,	   and	   is	  also	  
accompanied	  by	  changes	  in	  other	  structural	  and	  metabolic	  traits.	  
	  
	  
Results	  and	  Discussion	  
	  
Aft/Aft	  atv/atv	  fruits	  show	  intense	  anthocyanin	  pigmentation	  	  
Tomato	   fruits	   were	   collected	   from	   AC	   plants	   and	   from	   plants	   carrying	   the	  Aft	   and	   atv	  
genes	   and	   their	   stable	   combination	   Aft/Aft	   atv/atv.	   For	   phenotypic	   and	   molecular	  
analyses,	   we	   selected	   three	   representative	   stages	   of	   fruit	   development	   and	   ripening,	  
namely	  mature	  green	  (G),	  turning	  red	  (T)	  and	  red	  (R).	  Anthocyanins	  were	  not	  observed	  in	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Figure	  1.	  Anthocyanin	  production	  in	  different	  tomato	  genotypes.	  	  
(A)	  Mature	  green,	  turning	  red	  and	  red	  tomato	  fruits.	  	  
(B)	   Fruit	   skin	   sections	   taken	   from	   Ailsa	   Craig	   (AC),	   Aft/Aft,	   atv/atv,	   and	   Aft/Aft	   atv/atv	  
plants.	  
(C)	   Anthocyanin	   levels	   in	   tomato	  peel	   from	  AC,	  Aft/Aft,	  atv/atv,	   and	  Aft/Aft	   atv/atv	   fruits	  
(data	  are	  means	  of	  three	  replicates	  ±SD).	  For	  each	  genotype,	  anthocyanin	  levels	  measured	  in	  
mature	   green	   (G,	   green	   box),	   turning	   red	   (T,	   orange	   box)	   and	   red	   (R,	   red	   box)	   stages	   of	  
ripening	  are	  shown.	  	  
(D)	   SlAN2	   and	   SLANT1	  mRNA	   levels	   in	   tomato	   peel	   from	  AC,	  Aft/Aft,	  atv/atv,	   and	  Aft/Aft	  
atv/atv	  fruits.	  Ripening	  stages	  were	  as	  follows.	  G:	  mature	  green	  (green	  box);	  T:	  turning	  red	  
(orange	   box);	   R:	   red	   (red	   box).	   Relative	   expression	   levels	   of	   SlAN2	   and	   SLANT1	   were	  
measured	  by	  quantitative	  RT-­‐PCR,	  assuming	  the	  highest	   level	  of	  expression	  as	  100	   in	  each	  
dataset.	  Data	  are	  means	  of	  three	  replicates	  ±SD.	  
	  
	  
AC	  and	  atv/atv	   fruits	   (Figure	  1A,	  B),	  whereas	  Aft/Aft	   fruits	   showed	  purple	   spots	   in	   their	  
peel	  since	  the	  G	  stage	  (Figure	  1A,	  B).	  
As	   expected,	   a	   very	   strong	   anthocyanin	   pigmentation	  was	   displayed	   by	  Aft/Aft	  
atv/atv	  fruits	  (Figure	  1A,	  B).	  The	  presence	  of	  anthocyanins	  was	  evident	  since	  the	  G	  stage	  
and	  limited	  to	  the	  fruit	  peel	  (Figure	  1A,	  B),	  while	  they	  were	  not	  produced	  in	  the	  flesh	  	  
 75 
	  
	  
	  
Figure	   2.	   	   Cross	   section	   of	   fruits	   harvested	   from	   the	   Aft/Aft	   atv/atv	   double	   mutant.	  
Anthocyanins	  are	  concentrated	  in	  the	  peel,	  while	  they	  are	  not	  produced	  in	  the	  flesh.	  	  
	  
	  
(Figure	  2).	  Anthocyanin	  quantification	  confirmed	  the	  constant	  accumulation	  of	  pigments	  
during	   fruit	   ripening	   in	  Aft/Aft	   and,	   especially,	   in	  Aft/Aft	   atv/atv	   (Figure	  1C).	  Very	   small	  
amounts	   of	   anthocyanins,	   detectable	   only	   by	   spectrophotometric	   analysis,	   were	   also	  
measured	   in	   atv/atv	   fruits	   (Figure	   1C).	   On	   the	   other	   hand,	   no	   significant	   anthocyanin	  
production	  was	  measured	  in	  AC	  tomatoes	  (Figure	  1C),	  or	  in	  the	  flesh	  of	  the	  fruit	  from	  all	  
the	  genotypes	  analyzed	  (data	  not	  shown).	  	  
The	  strong	  anthocyanin	  accumulation	  in	  Aft/Aft	  atv/atv	  fruits	  (Figure	  1A,	  B)	  was	  
the	  result	  of	  a	  synergism	  between	  the	  Aft	  and	  atv	  genes.	  It	  seems	  that	  the	  co-­‐presence	  of	  
these	   two	   alleles	   strongly	   reduced	   the	   high-­‐light	   requirement	   for	   the	   production	   of	  
anthocyanins.	   As	   a	   consequence,	   pigments	  were	   produced	   in	  Aft/Aft	   atv/atv	   fruit	   from	  
the	   G	   stage	   onwards	   and	   accumulated	   quite	   homogenously	   throughout	   the	   skin,	   thus	  
conferring	  a	  purple	  colour	  to	  the	  epidermis	  of	  the	  fruit	  (Figure	  1A,	  B).	  	  
	  
SlANT1	  and	  SlAN2	  are	  up-­‐regulated	  in	  genotypes	  producing	  anthocyanins	  
In	   higher	   plants,	   the	   variety	   of	   anthocyanin	   pigmentation	   patterns	   is	   mainly	   based	   on	  
differences	   in	   the	   regulatory	   mechanisms	   that	   control	   the	   expression	   of	   the	   structural	  
genes	   of	   the	   pathway	   (Quattrocchio	   et	   al.,	   2006).	   In	   order	   to	   gain	   additional	   clues	  
regarding	   the	   transcriptional	   regulation	   of	   anthocyanin	   synthesis	   in	   tomato,	   the	  mRNA	  
levels	  of	  SlANT1	  and	  SlAN2	   	  were	  evaluated	  during	  fruit	  ripening.	  These	  two	  genes	  share	  
high	   homology	   and	   encode	   two	   MYB	   transcription	   factors	   known	   to	   be	   involved	   in	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anthocyanin	  biosynthesis	  in	  tomato	  (Mathews	  et	  al.,	  2003;	  Boches	  et	  al.,	  2009).	  They	  are	  
also	  considered	  as	  possible	  candidates	  for	  Aft	  mutation	  (Sapir	  et	  al.,	  2008;	  Boches	  et	  al.,	  
2009).	  	  
A	  peak	  of	  expression	  for	  SlANT1	  and	  for	  SlAN2	  was	  observed	   in	  Aft/Aft,	  atv/atv	  
and	  Aft/Aft	  atv/atv	  fruits	  at	  the	  G	  stage	  (Figure	  1D).	  On	  the	  other	  hand,	  SlAN2	  and	  SlANT1	  
expression	  was	  negligible	  in	  the	  peel	  of	  AC	  (Figure	  1D)	  and	  in	  the	  flesh	  of	  all	  the	  genotypes	  
(data	  not	  shown),	  where	  anthocyanins	  were	  not	  produced.	  The	  relative	  expression	  levels	  
of	  SlAN2	  and	  SlANT1	  during	  the	  G	  stage	  were	  higher	  in	  Aft/Aft	  with	  respect	  to	  atv/atv	  and	  
even	   Aft/Aft	   atv/atv.	   Taken	   together,	   these	   data	   support	   the	   hypothesis	   that	   SlANT1	  
and/or	  SlAN2	  genes	  might	  be	  candidates	  for	  the	  Aft	  mutation	  (Sapir	  et	  al.,	  2008;	  Boches	  et	  
al.,	   2009).	   Both	   SlANT1	   and	   SlAN2	   were	   expressed	   in	   all	   the	   genotypes	   that	   produce	  
anthocyanins	   in	   the	   fruit	   skin.	   However,	   their	   expression	   declined	   during	   the	   T	   and	   R	  
phases	   (Figure	   1D).	   Anthocyanin	   content,	   instead,	   increased	   throughout	   ripening	   in	  
Aft/Aft	  atv/atv	  fruits	  (Figure	  1C).	  It	  is	  likely	  that,	  after	  the	  G	  phase,	  SlANT1	  and	  SlAN2	  are	  
replaced,	   recruited	   and/or	   inhibited	   by	   other	   transcription	   factors,	   thus	   becoming	   less	  
crucial	  for	  further	  anthocyanin	  production	  and	  accumulation.	  	  
As	  a	  whole,	  our	  data	  suggest	  that	  SlANT1	  and	  SlAN2	  might	  act	  as	  early	  triggers	  of	  
anthocyanin	   production,	   particularly	   in	   green	   fruits.	   At	   later	   stages	   of	   ripening,	   other	  
factors	   are	   likely	   necessary	   for	   promoting	   a	   strong	   and	   continuous	   anthocyanin	  
accumulation	  in	  tomato	  skin.	  	  
	  
Several	   genes	   of	   the	   flavonoid	   pathway	   are	   up-­‐regulated	   in	   atv/atv	   and	   in	   Aft/Aft	  
atv/atv	  during	  ripening	  
To	  better	  understand	  the	  molecular	  regulation	  of	  the	  anthocyanin	  pathway	  in	  tomato,	  the	  
expression	   of	   the	   genes	   coding	   for	   enzymes	   in	   the	   biosynthetic	   pathway	   was	   studied.	  
Anthocyanins	   are	   synthesized	   through	   a	   branch	   of	   the	   flavonoid	   biosynthetic	   pathway	  
(Winkel-­‐Shirley,	   2001).	   Genes	   encoding	   enzymes	   of	   the	   pathway	   are	   classically	   divided	  
into	   two	   groups:	   early	   biosynthetic	   genes	   (EBGs)	   and	   late	   biosynthetic	   genes	   (LBGs),	  
showing	   independent	   activation	   mechanisms	   in	   dicotyledonous	   species	   (Martin	   and	  
Gerats,	  1993;	  Quattrocchio	  et	  al.,	  2006).	  	  
While	   EBGs	   are	   involved	   in	   the	   synthesis	   of	   precursors	   and	   final	   products	   of	  
different	  classes	  of	   flavonoids,	  such	  as	  chalcones,	  dihydroflavonols	  and	  flavonols	   (Figure	  
3A),	   LBGs	   are	   more	   specific	   to	   a	   restricted	   number	   of	   groups,	   including	   anthocyanins	  
(Figure	   4A).	   The	   analysis	   of	   the	   biosynthetic	   pathway	   in	   tomato	   fruits	   was	   therefore	  
subdivided	  into	  these	  two	  parts.	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Figure	   3.	   	  Analysis	   of	   gene	   expression	   in	   the	   early	   steps	   of	   the	   anthocyanin	   biosynthetic	  
pathway	  in	  the	  peel	  of	  tomato	  fruits.	  	  
(A)	  Early	  steps	  in	  the	  anthocyanin	  biosynthetic	  pathway.	  Enzyme	  names	  were	  abbreviated	  as	  
follows:	   Phenyl	   alanine	   ammonia-­‐lyase	   (PAL),	   cinnamate-­‐4-­‐hydroxylase	   (C4H),	   4-­‐
coumaroyl:CoA-­‐ligase	   (4CL),	   chalcone	   synthase	   (CHS),	   chalcone	   isomerase	   (CHI),	   flavanone	  
3-­‐hydroxylase	  (F3H),	  flavonoid	  3’-­‐hydroxilase	  (F3’H),	  flavonols	  synthase	  (FLS).	  	  
(B)	  Analysis	  of	  the	  expression	  pattern	  of	  early	  biosynthetic	  genes	  leading	  to	  dihydroflavonols	  
and	   flavonols	   in	   the	   various	   tomato	   genotypes.	   Relative	   expression	   levels	   are	   shown,	   as	  
measured	   by	   quantitative	   RT-­‐PCR	   in	  mature	   green	   (G,	   green	   box),	   turning	   red	   (T,	   orange	  
box)	  and	  red	  (R,	  red	  box)	  stages	  of	  ripening,	  assuming	  the	  highest	  level	  of	  expression	  as	  100	  
in	  each	  dataset.	  Data	  are	  means	  of	  three	  replicates	  ±SD.	  
	  
	  
The	  analysis	  of	   the	  expression	  pattern	  of	  EBGs,	   leading	   to	  dihydroflavonols	  and	  
flavonols,	  showed	  that	  this	  part	  of	  the	  pathway	  was	  active	  in	  all	  the	  genotypes	  analyzed	  
(Figure	   3B).	   Previous	   analyses	   indicated	   that	   a	   major	   limitation	   in	   the	   flavonoid	  
biosynthetic	  pathway	  in	  tomato	  fruit	  was	  the	  lack	  of	  expression	  of	  the	  chalcone	  isomerase	  
(CHI)	  gene	  (Muir	  et	  al.,	  2001;	  Bovy	  et	  al.,	  2007).	  However,	  in	  this	  study	  transcripts	  for	  CHI	  
and	   CHI-­‐like	   genes	   were	   found	   in	   the	   control	   line	   AC,	   at	   the	   G	   and	   T	   maturity	   stages,	  
respectively	   (Figure	   3B).	   Aft/Aft	   fruits	   were	   not	   significantly	   different	   from	   AC,	   while	  
atv/atv	   fruits	   showed	   a	   higher	   level	   of	   expression	   of	   some	   EBGs,	   particularly	  
phenylalanine	  ammonia-­‐lyase	  5	  (PAL5),	  chalcone	  synthase	  (CHS),	  CHI-­‐like	  and	  flavanone-­‐3-­‐
hydroxylase	  (F3H)	  (Figure	  3B).	  It	  seems	  therefore	  that	  the	  mutation	  in	  the	  Atv	  gene	  might	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up-­‐regulate	   some	   steps	   in	   the	   early	   phase	   of	   the	   flavonoid	   biosynthesis.	   In	   a	   previous	  
study,	  the	  amount	  of	  flavonols	  measured	  in	  atv	  fruits	  turned	  out	  to	  be	  similar	  to	  the	  wild	  
type	   tomatoes	   (Torres	   et	   al.,	   2005).	   Further	   analyses	   are	   necessary	   to	   verify	   if	   other	  
flavonoids	   are	   produced	   at	   higher	   rates	   in	  atv.	   Interestingly,	   a	   significant	   effect	   on	   the	  
activation	  of	  the	  flavonoid	  pathway	  was	  observed	  after	  introgression	  of	  another	  recessive	  
mutation	  affecting	  photomorphogenesis,	  the	  high	  pigment	  (hp)	  (van	  Tuinen	  et	  al.,	  2006).	  
Moreover,	  it	  was	  demonstrated	  that	  several	  phenolic	  compounds	  are	  new	  or	  increased	  in	  
fruits	  of	  a	  double	  mutant	  Aft/Aft	  hp/hp,	  as	  compared	  with	  fruits	  of	  single-­‐mutant	  parents	  
(van	   Tuinen	   et	   al.,	   2006).	   In	   the	   double	   mutant	   Aft/Aft	   atv/atv	   fruits,	   many	   of	   the	  
flavonoid	  genes	  exhibited	  a	  higher	  or	  a	  more	  prolonged	  activation,	  as	  in	  the	  case	  of	  PAL,	  
PAL5,	  4-­‐coumarate-­‐CoA	  ligase	  (4CL),	  CHI,	  CHI-­‐like	  and	  F3H	  (Figure	  3B).	  PAL	  and	  PAL5	  were	  
strongly	  expressed,	  especially	  at	  the	  T	  and	  R	  maturity	  stages	  (Figure	  3B).	  PAL	  induction	  is	  
necessary	  to	  ensure	  the	  flux	  through	  the	  general	  phenylpropanoid	  metabolism	  in	  order	  to	  
feed	  flavonoid	  biosynthesis	  (Bate	  et	  al.,	  1994).	  This	  seems	  to	  be	  particularly	  important	  to	  
obtain	   very	   high	   levels	   of	   anthocyanins,	   as	   was	   previously	   observed	   in	   Delila–Rosea1	  
transgenic	  purple	  tomatoes	  (Butelli	  et	  al.,	  2008).	  	  
	  
mRNA	  levels	  of	  specific	  anthocyanin	  biosynthetic	  genes	  are	  positively	  affected	  in	  Aft/Aft	  
and	  Aft/Aft	  atv/atv	  	  
Delphinidin-­‐type	  represent	  the	  major	  class	  of	  anthocyanins	  observed	   in	   tomato	  (Bovy	  et	  
al.,	  2007).	  They	  are	  formed	  by	  the	  concerted	  action	  of	  flavonoid	  3’5’-­‐hydroxylase	  (F3’5’H),	  
dihydroflavonol	   reductase	   (DFR),	  and	   leucoanthocyanidin	  dioxygenase	   (ANS)	   (Figure	  4A).	  
Modification	   with	   hydroxyl,	   methyl,	   glycosyl	   and	   acyl	   groups	   by	   the	   action	   of	   specific	  
enzymes,	   results	   in	   the	   final	   different	   anthocyanin	   structures	   (Figure	   4A).	   When	  
synthesized,	   anthocyanins	   are	   compartmentalized	   into	   the	   vacuole.	   Different	   and	   not	  
completely	   characterized	   mechanisms	   of	   anthocyanin	   transport	   into	   the	   vacuole	   take	  
place	  in	  plants	  (Zhao	  and	  Dixon,	  2010).	  However,	  the	  action	  of	  different	  enzymes,	  such	  as	  
a	  glutathione	  S-­‐transferase	  (GST),	  and	  an	  anthocyanin	  permease	  (PAT)	  has	  been	  shown	  to	  
be	  associated	  with	  the	  anthocyanin	  accumulation	  in	  tomato	  fruits	  (Mathews	  et	  al.,	  2003;	  
Butelli	  et	  al.,	  2008)	  (Figure	  4A).	  The	  genes	  encoding	  for	  these	  proteins	  were	  therefore	  all	  
analyzed	  in	  this	  study.	  	  
The	  analysis	  of	  the	  expression	  pattern	  of	  most	  of	  the	  genes	  that	  act	  in	  this	  second	  
part	  of	  the	  biosynthetic	  pathway	  highlights	  that	  they	  were	  all	  strongly	  up-­‐regulated	  in	  the	  
Aft/Aft	   atv/atv	   fruits	   when	   compared	   to	   the	   other	   genotypes	   (Figure	   4B).	   The	   genes	  
F3’5’H,	   DFR,	   ANS,	   together	   with	   those	   encoding	   an	   acyltransferase	   (AAC),	   a	  
rhamnosyltransferase	  (RT),	  a	  glucosyltransferase	  (3GT),	  putatively	  involved	  in	  anthocyanin	  
metabolism,	  PAT	  and	  GST,	  were	  all	  strongly	  up-­‐regulated	  in	  double	  mutant	  fruits	  (Figure	  
4B).	   A	   very	   slight	   induction	   of	   some	   of	   these	   genes	  was	   also	   observed	   in	  Aft/Aft	   green	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fruits,	  whereas	  atv/atv	  expression	  patterns	  were	  not	  different	  from	  those	  observed	  in	  AC,	  
where	   a	   negligible	   expression	   of	   these	   genes	   was	   found	   (Figure	   4B).	   Another	   gene	  
encoding	  a	  glucosyltransferase	  (5GT)	  was	  highly	  expressed	   in	  the	  Aft/Aft	  atv/atv	  tomato	  
in	   the	   T	   and	   R	   stages.	   However,	   this	   gene	   was	   also	   expressed	   in	   the	   other	   genotypes	  
(Figure	   4B).	   Therefore,	   it	   could	   be	   involved	   also	   in	   the	   glycosylation	   of	   other	   classes	   of	  
flavonoids.	  F3’5’H	  and	   DFR	  were	   strongly	   expressed	   in	  Aft/Aft	   atv/atv.	   These	  genes	   are	  
both	  necessary	   to	   activate	  delphinidin-­‐type	   anthocyanin	  production	   (Figure	  4A)	   and	   are	  
considered	   as	   catalyzing	   limiting	   steps	   in	   the	   tomato	   anthocyanin	   biosynthetic	   pathway	  
(Bovy	   et	   al.,	   2007).	   These	   data	   (Figure	   4B)	   revealed	   a	   set	   of	   genes	   that	   are	   likely	   to	   be	  
responsible	  for	  the	  unusual	  accumulation	  of	  anthocyanin	  in	  the	  Aft/Aft	  atv/atv	  genotype.	  	  
Analyzing	   the	  biosynthetic	   pathway	   as	   a	  whole,	  atv	   seems	   to	   affect	  mostly	   the	  
expression	  of	  EBGs,	  while	   LBG	   transcription	   is	   in	   some	  way	   influenced	  by	  Aft.	  However,	  
when	  the	  two	  mutations	  are	  combined	  together,	  a	  synergistic	  effect	  takes	  place,	   leading	  
to	  the	  final	  strong	  production	  of	  anthocyanins	  in	  Aft/Aft	  atv/atv	  fruits.	  Many	  of	  the	  genes	  
acting	  in	  the	  two	  parts	  of	  the	  anthocyanin	  pathway,	  particularly	  LBGs,	  show	  indeed	  an	  up-­‐
regulation	   in	   the	  double	  mutant	  which	   is	  much	  higher	   than	   in	   the	   corresponding	   single	  
mutant	  parental	  line	  (Figs.	  3B	  and	  4B).	  
	  
Genes	  belonging	  to	  different	  families	  are	  differentially	  regulated	  in	  Aft/Aft	  atv/atv	  	  
Anthocyanin	   metabolism	   may	   be	   tightly	   interconnected	   with	   other	   important	  
physiological	   processes.	   According	   to	   this,	   the	  Aft/Aft	  atv/atv	   genotype	  may	   directly	   or	  
indirectly	   result	   in	   a	   more	   general	   transcriptional	   reprogramming	   of	   genes	   involved	   in	  
different	  metabolic	  pathways.	  The	  transcriptional	  profile	  was	  thus	  analyzed	  in	  single	  and	  
double	   mutant	   fruits	   compared	   to	   AC	   using	   the	   GeneChip®	   Tomato	   Genome	   Array.	  
Different	   aspects	  were	   considered	   before	   carrying	   out	   the	   transcriptome	   analysis.	   First,	  
the	  two	  candidates	  for	  Aft	  mutation,	  SlAN2	  and	  SlANT1,	  were	  predominantly	  expressed	  in	  
the	  peel	  of	  green	  fruits	  (Figure	  1D),	  thus	  suggesting	  an	  early	  effect	  of	  these	  genes	  on	  the	  
activation	  of	  the	  anthocyanin	  pathway.	  For	  atv	  mutation	  there	  are	  not	  gene	  candidates	  at	  
present.	   However,	   since	   qPCR	   analyses	   showed	   a	   more	   pronounced	   effect	   of	   this	  
mutation	  on	  the	  early	  phase	  of	  flavonoid	  biosynthesis	  (Figure	  3B),	  it	  is	  likely	  that	  also	  the	  
Atv	  gene	  is	  early	  expressed.	  Consequently,	   it	   is	  plausible	  that	  direct	  or	  indirect	  effects	  of	  
both	  Aft	  and	  atv	  mutations	  on	  fruit	  peel	  transcriptome	  should	  be	  observed	  in	  early	  phases	  
of	   anthocyanin	   production.	   Our	   previous	   analyses	   showed	   that	   anthocyanin	   pigments	  
were	  already	  present	   in	  the	  fruit	  peel	  at	  the	  G	  stage,	  both	  in	  Aft/Aft	  and	  Aft/Aft	  atv/atv	  
genotypes	  (Figure	  1C).	  For	  all	  these	  reasons,	  RNA	  from	  the	  green	  fruit	  peel	  was	  used	  for	  
the	  transcriptome	  analysis.	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Figure	   4.	   Analysis	   of	   gene	   expression	   in	   the	   late	   steps	   of	   the	   anthocyanin	   biosynthetic	  
pathway	  in	  the	  peel	  of	  tomato	  fruits.	  	  
(A)	  Late	  steps	  in	  the	  anthocyanin	  biosynthetic	  pathway.	  Enzyme	  names	  were	  abbreviated	  as	  
follows:	  flavonoid	  3’-­‐hydroxilase	  (F3’H),	  flavonols	  synthase	  (FLS),	  flavonoid	  3’5’-­‐hydroxylase	  
(F3’5’H),	   dihydroflavonol	   4-­‐reductase	   (DFR),	   leucoanthocyanidin	   dioxygenase	   (ANS),	   3-­‐O-­‐
glucosyltransferase	   (3-­‐GT),	   rhamnosyl	   transferase	   (RT),	   anthocyanin	   acyltransferase	   (AAC),	  
5-­‐O-­‐glucosyltransferase	   (5-­‐GT),	   glutathione	   S-­‐transferase	   (GST),	   putative	   anthocyanin	  
transporter	  (PAT).	  	  
(B)	  Analysis	  of	  the	  expression	  pattern	  of	  late	  biosynthetic	  genes	  for	  anthocyanin	  production	  
and	   accumulation.	   Relative	   expression	   levels,	  measured	   by	   quantitative	   RT-­‐PCR	   in	  mature	  
green	  (G,	  green	  box),	  turning	  red	  (T,	  orange	  box)	  and	  red	  (R,	  red	  box)	  stages	  of	  ripening,	  are	  
shown,	  assuming	  the	  highest	  level	  of	  expression	  as	  100	  for	  each	  dataset.	  Data	  are	  means	  of	  
three	  replicates	  ±SD.	  
	  
 81 
	  
	  
Figure	   5.	   Functional	   categories	   of	   the	   peel-­‐associated	   transcripts	   displaying	   differential	  
expressions	  when	  comparing	  AC	  with	  Aft/Aft	  atv/atv	  fruits.	  The	  distribution	  of	  categories	  is	  
given	  as	  a	  percentage	  of	  the	  total	  214	  differentially	  expressed	  transcripts	  (p	  ≤	  0.001).	  
	  
We	   identified	   214	   differentially	   expressed	   genes	   (DEGs)	   (p-­‐value	   ≤	   0.001)	   in	   Aft/Aft	  
atv/atv	  fruit	  peel	  compared	  to	  AC	  (131	  up-­‐regulated	  and	  83	  down-­‐regulated).	  We	  cannot	  
exclude	   that	   some	   alterations	   in	   the	   expression	   pattern	   might	   be	   due	   to	   the	   lack	   of	  
isogenicity	  between	  AC	  and	  the	  double	  mutant	  line	  (see	  Material	  and	  methods).	  However,	  
the	   identical	   growth	   conditions	  and	   the	  high	   similarity	   in	   fruit	   size	  and	  maturation	   time	  
between	   the	   two	  genotypes	  allow	   to	   consider	   the	  presence/absence	  of	  anthocyanins	   in	  
the	  peel	  as	  a	  major	  trigger	  in	  differential	  genetic	  expression.	  
As	   expected,	   a	   substantial	   portion	   (6%)	   of	   DEGs	   was	   represented	   by	  
transcripts	  involved	  in	  the	  flavonoid	  and	  anthocyanin	  metabolism,	  which	  were	  all	  up-­‐
regulated	   in	   the	   double	   mutant	   (Figure	   5).	   All	   the	   transcripts	   of	   the	   anthocyanin	  
biosynthetic	   pathway	   that	   are	   included	   in	   the	   GeneChip,	   such	   as	   PAL	  
(Les.4271.2.S1_at),	   PAL5	   (Les.4271.1.S1_at),	   4CL	   (Les.1097.1.A1_at),	   CHS	  
(Les.3650.1.S1_at),	   CHI-­‐like	   (LesAffx.68320.1.S1_at),	   DFR	   (Les.3659.1.S1_at),	   ANS	  
(LesAffx.17064.1.A1_at),	   RT	   (Les.5842.1.S1_at),	   PAT	   (Les.4452.1.S1_at),	   and	   GST	  
(LesAffx.57342.1.S1_at),	   were	   up-­‐regulated.	   Additionally,	   several	   genes	   involved	   in	  
biotic	   (14%)	   and	   abiotic	   stress	   (4%)	   responses	   displayed	   an	   altered	   mRNA	   level	   in	  
Aft/Aft	   atv/atv.	   For	   example,	   different	   genes	   encoding	   putative	   peroxidases	  
(LesAffx.70492.1.S1_at,	   LesAffx.32359.1.S1_at,	   LesAffx.71388.1.S1_at),	   arginases	  
(LesAffx.1.1.S1_at,	   Les.3299.2.A1_s_at),	   and	   proteinase-­‐inhibitors	   (Les.1675.1.S1_at,	  
Les.3940.2.A1_at,	   Les.3621.1.S1_at,	   Les.2971.2.A1_at,	   Les.4022.1.S1_at,	  
Les.3034.1.S1_at),	  among	  others,	  were	  up-­‐regulated	   in	   the	  double	  mutant.	  This	  may	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be	   a	   consequence	   of	   the	   accumulation	   of	   anthocyanins,	   since	   these	   compounds	  
represent	  signaling	  molecules	  for	  the	  activation	  of	  defence	  processes	  (Gould,	  2004)	  or	  
for	  the	  scavenging	  of	  stress-­‐related	  free	  radical	  species	  (Rice-­‐Evans	  et	  al.,	  1997;	  Wang	  
et	  al.,	  1997).	  A	  “high	  anthocyanin	   level”	  may	  thus	  signal	  a	  status	  of	  general	  stress	   in	  
the	   plant,	   which	   leads	   to	   the	   activation	   of	   both	   biotic	   and	   abiotic	   defence	  
programmes.	  Alternatively,	  it	  is	  possible	  that	  stress-­‐related	  genes	  can	  be	  regulated	  by	  
the	  same	  transcription	   factors	  which	  trigger	  anthocyanin	  biosynthesis,	  as	  part	  of	   the	  
same	  general	  defence	  programme.	  
Nine	  percent	  of	  the	  DEGs	  in	  Aft/Aft	  atv/atv	  compared	  to	  AC	  were	  related	  to	  
hormone	   metabolism.	   Remarkably,	   five	   out	   of	   the	   six	   genes	   involved	   in	   ethylene	  
biosynthesis	   (Les.2560.1.S1_at,	   Les.132.1.S1_at,	   Les.3225.1.A1_at,	   Les.3225.2.S1_at,	  
Les.3225.3.S1_at)	   showed	  a	  clear	  down-­‐regulation	   in	  Aft/Aft	  atv/atv.	  This	   suggests	  a	  
possible	   inhibition,	   or	   at	   least	   a	   delay,	   in	   ethylene	   production	   associated	   with	   the	  
strong	   accumulation	   of	   anthocyanins.	   The	   expression	   of	   some	   genes	   encoding	  
ripening-­‐regulated	  cell	  wall	  proteins	  is	  modulated	  by	  ethylene	  (Bennett	  and	  Labavitch,	  
2008).	   Interestingly,	   several	   transcripts	   involved	   in	   cell	   wall	   metabolism	   and	  
composition	  were	  strongly	  up-­‐regulated	  in	  Aft/Aft	  atv/atv	  compared	  to	  AC	  (Figure	  5).	  
This	   may	   lead	   to	   hypothesize	   that	   anthocyanin	   accumulation	   could	   induce	   some	  
effects	   on	   the	   composition	   or	   the	   structure	   of	   the	   cell	   wall	   in	   tomato	   fruit	   peel.	  
Further	  analyses,	  also	  carried	  out	  in	  successive	  stages	  of	  ripening,	  could	  contribute	  to	  
elucidate	  this	  important	  aspect.	  About	  6%	  of	  DEGs	  in	  Aft/Aft	  atv/atv	  was	  represented	  
by	   mRNAs	   encoding	   for	   transcription	   factors.	   Transcriptional	   regulators	   of	  
anthocyanin	  biosynthesis	  are	  well	   known	   in	  many	  plant	   species	   (Quattrocchio	  et	  al.,	  
2006),	  and	  only	  some	  of	  them	  have	  been	  identified	  in	  tomato	  till	  now	  (Mathews	  et	  al.,	  
2003;	   Boches	   et	   al.,	   2009).	   Therefore,	   the	   identification	   of	   transcription	   factors	  
differentially	   expressed	   in	   AC	   and	   high	   anthocyanin	   tomatoes	   in	   early	   phases	   of	  
pigment	  accumulation	  appears	  to	  be	  very	  interesting.	  Indeed,	  MYB	  (Les.5091.1.S1_at)	  
and	   bHLH	   (LesAffx.17051.1.S1_at)	   transcription	   factors,	  which	   are	   similar	   to	  Petunia	  
hybrida	  PH2	   (PhPH2)	   (Avila	  et	  al.,	  1993)	  and	  a	  Pisum	  sativum	  bHLH	   (PsGBF)	   (Qian	  et	  
al.,	   2007),	   respectively	   involved	   in	   anthocyanin	   biosynthesis	   and	   CHS	   promoter	  
activation,	  were	  up-­‐regulated	   in	   the	  double	  mutant	   fruit	   and	   could	  be	   related	   to	   its	  
high	  anthocyanin	  phenotype.	  
Finally,	  several	  genes	  involved	  in	  sugar	  (5%)	  and	  secondary	  metabolisms	  (5%)	  
were	   also	   differentially	   modulated	   in	   the	   double	   Aft/Aft	   atv/atv	   mutant	   when	  
compared	  to	  AC	  (Figure	  5).	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Figure	  6.	  Heatmap	  of	  differentially	  expressed	  genes	  showing	  a	  common	  expression	  pattern	  
in	  Aft/Aft	  atv/atv	  and	  Aft/Aft	  fruit	  peel.	  Two	  different	  biological	  replicates	  for	  each	  genotype	  
(indicated	  as	  1	  and	  2)	  were	  used	  for	  this	  experiment.	  	  
	  
Common	  gene	  expression	  patterns	  in	  Aft/Aft	  atv/atv	  and	  Aft/Aft	  fruit	  peel	  
Several	  DEGs	  displayed	  a	  shared	  expression	  pattern	  in	  the	  double	  mutant	  and	  one	  of	  
the	  two	  parental	  mutant	  lines,	  different	  from	  both	  AC	  and	  the	  other	  mutant	  genotype.	  
This	  suggests	  that	  their	  differential	  expression	  in	  Aft/Aft	  atv/atv	  fruit	  peel	  could	  be	  a	  
consequence	  of	  the	  inheritance	  of	  either	  atv	  or	  Aft.	  	  
As	   expected	   from	   qPCR	   analyses	   (Figure	   4B),	   Aft-­‐associated	   DEGs	   (Figure	   6;	  
Tables	  1	  and	  2)	  include	  transcripts	  involved	  in	  anthocyanin	  biosynthesis,	  such	  as	  PAT	  and	  
DFR.	   Both	   these	   genes	  were	   expressed	   in	  Aft/Aft	   and	  Aft/Aft	   atv/atv	  at	   a	  much	   higher	  
level	   than	   in	  AC	  and	  atv/atv	   (Figure	  6).	  However,	   their	  expression	   in	  the	  double	  mutant	  
was	  considerably	  higher	  than	  in	  Aft/Aft	  (Figure	  4B).	  This	  is	  in	  line	  with	  the	  scarce	  presence	  
of	   anthocyanins	   in	   Aft/Aft	   fruits.	   These	   results	   confirm	   the	   previous	   ones	   obtained	   by	  
qPCR,	   suggesting	   that	   Aft	   might	   affect	   the	   expression	   of	   key	   LBGs,	   such	   as	   DFR,	   thus	  
influencing	   the	   downstream	   steps	   of	   the	   anthocyanin	   pathway.	   This	   supports	   the	  
hypothesis	   that	   SlAN2	   or	   SlANT1	   may	   be	   candidates	   for	  Aft	   mutation,	   since	   these	   two	  
transcription	   factors,	   as	   well	   as	   their	   orthologs	   in	   other	   plant	   species,	   modulate	   the	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expression	   of	  DFR	   and	   other	   downstream	   structural	   genes	   involved	   in	   the	   anthocyanin	  
biosynthesis	  (Quattrocchio	  et	  al.,	  1999;	  Mathews	  et	  al.,	  2003;	  Teng	  et	  al.,	  2005;	  Boches	  et	  
al.,	  2009).	  	  
Other	  transcripts	  co-­‐regulated	  in	  Aft/Aft	  and	  Aft/Aft	  atv/atv	  include	  genes	  coding	  
for	   cell	   wall	   proteins,	   such	   as	   a	   glycine	   rich	   protein	   (Les.3610.1.S1_at),	   a	   lysine	   and	  
tyrosine	   enriched	   cell	   wall	   protein	   (Les.4489.1.S1_s_at),	   hypothesized	   as	   having	   a	  
specialized	   structural	   function	   in	   tomato	   (Domingo	   et	   al.,	   1994),	   and	   an	   expansin	  
(Les.3568.1.S1_at)	  (Figure	  6;	  Table	  1	  and	  2).	  Furthermore,	  a	  considerable	  number	  of	  genes	  
putatively	   involved	  in	  defence	  pathways	  and	  in	  sugar	  metabolism	  show	  a	  similar	  pattern	  
of	   expression	   in	   both	   Aft/Aft	   and	   Aft/Aft	   atv/atv.	   A	   Kunitz-­‐type	   protease/invertase	  
inhibitor	  precursor	  (Les.5416.1.S1_at)	  was	  up-­‐regulated	  in	  both	  these	  genotypes	  (Figure	  6;	  
Table	   S3).	   Besides	   their	  metabolic	   role,	   plant	   protease	  or	   invertase	   inhibitors	   have	  been	  
found	   to	   be	   involved	   in	   plant	   defence	   against	   insects	   and	   pathogens	   (Glaczinski	   et	   al.,	  
2002).	   Invertases	   may	   also	   play	   a	   role	   in	   responses	   to	   wounds	   and	   pathogen	   attack	  
(Tymowska-­‐Lalanne	  and	  Kreis,	  1998),	  and	   the	   inhibition	  of	   fungal	   invertases	   can	   restrict	  
pathogen	  growth,	  therefore	  increasing	  plant	  resistance	  (Heisteruber	  et	  al.,	  1994).	  A	  gene	  
(LesAffx.837.1.S1_at)	   similar	   to	  Arabidopsis	   thaliana	  WRKY72,	   involved	   in	   plant	   defence	  
and	   elicitation	   by	   chitin	   and	   pathogens	   (Libault	   et	   al.,	   2007),	   was	   also	   commonly	   up-­‐
regulated	   in	   Aft/Aft	   and	   Aft/Aft	   atv/atv	   (Figure	   6;	   Table	   S3).	   A	   GDSL	   lipase	   transcript	  
(Les.4291.1.S1_at)	  encoding	  a	  protein	  similar	  to	  Capsicum	  annum	  GLIP1,	  which	  modulates	  
disease	   susceptibility	   and	   abiotic	   stress	   tolerance	   (Hong	   et	   al.,	   2008)	   and	   the	  
pathogenesis-­‐related	   transcriptional	  activator	  Pti5	   (Les.3575.1.S1_at)	   (Zhou	  et	  al.,	   1997)	  
were	  also	  up-­‐regulated	  in	  Aft/Aft	  and	  Aft/Aft	  atv/atv	  (Figure	  6;	  Table	  S3).	  	  
	   Overall,	  these	  results	  suggest	  that	  Aft	  mutation	  mostly	  affects	  the	  gene	  
expression	  involved	  in	  late	  steps	  of	  anthocyanin	  biosynthesis,	  in	  cell	  wall	  structure	  and	  in	  
plant	  defence.	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Table	  1.	  List	  of	  differentially	  expressed	  genes	  showing	  common	  up-­‐regulation	  in	  Aft/Aft	  and	  
Aft/Aft	  atv/atv	  with	  respect	  to	  the	  wild	  type	  Ailsa	  Craig	  (AC)	  and	  atv/atv.	  
Affy_Probe	   Probe	  annotations	   Mean	  AC	  
Mean	  	  
Aft/Aft	  
Mean	  
atv/atv	  
Mean	  
Aft/Aft	  
atv/atv	  
Les.4489.1.S
1_s_at	  
Cell	  wall	  protein	   6217,546	   35199,969	   4774,267	   43024,217	  
Les.3659.1.S
1_at	  
Dihydroflavonol-­‐4-­‐reductase	  
(DFR)	   (Dihydrokaempferol	   4-­‐
reductase)	  
2,843	   1935,490	   82,221	   17741,600	  
LesAffx.4319
8.1.S1_at	  
Solanum	   lycopersicum	  
chromosome	   2	   clone	  
C02HBa0146O16.	   Similar	   to	  
Arabidopsis	   thaliana	   BT3	   (BTB	  
AND	   TAZ	   DOMAIN	   PROTEIN	   3)	  
(AT1G05690)	  
889,553	   6553,600	   1070,252	   9980,995	  
Les.4452.1.S
1_at	  
Putative	  anthocyanin	  permease	   3,503	   675,542	   3,933	   8990,123	  
Les.5416.1.S
1_at	  
Similar	   to	   Solanum	   tuberosum	  
putative	   Kunitz-­‐type	   tuber	  
invertase	  inhibitor	  
10,399	   774,058	   20,991	   6085,865	  
Les.5139.1.S
1_at	  
Similar	   to	  Arabidopsis	   thaliana	  
curculin-­‐like	  (mannose-­‐binding)	  
lectin	   family	   protein	  
(AT1G78850).	  	  
150,776	   2679,827	   306,932	   4205,057	  
Les.1842.1.S
1_at	  
Similar	   to	   Nicotiana	   tabacum	  
geranylgeranylated	   protein	  
NTGP4	  
4,221	   3746,291	   3,540	   4019,411	  
Les.1821.1.A
1_at	  
Solanum	   lycopersicum	  
chromosome	   3	   clone	  
C03SLe0090P17	  
517,186	   2025,135	   683,567	   2313,318	  
LesAffx.837.
1.S1_at	  
Similar	   to	  Arabidopsis	   thaliana	  
WRKY72	  (AT5G15130)	  
648,195	   2447,930	   1212,934	   2235,764	  
Les.4291.2.S
1_at	  
Solanum	   lycopersicum	   cDNA,	  
clone:	  LEFL1095DG02	  
4,655	   1542,078	   10,475	   1733,017	  
Les.3610.1.S
1_at	  
Glycine	  rich	  protein	   260,281	   2190,402	   147,182	   1281,982	  
Les.4718.1.S
1_at	  
Similar	   to	  Arabidopsis	   thaliana	  
CTP	   synthase,	   putative	   /	   UTP-­‐-­‐
ammonia	   ligase,	   putative	  
(AT1G30820)	  	  
338,123	   2225,889	   379,075	   1194,692	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Les.4291.1.S
1_at	  
Solanum	   lycopersicum	  
chromosome	   2	   clone	  
C02SLe0016P15.	  Weakly	  similar	  
to	   Capsicum	   annuum	   GDSL-­‐
lipase	  protein	  (LIP1)	  	  
4,195	   568,361	   4,765	   792,655	  
LesAffx.7704
.1.S1_at	  
Similar	   to	   Os10g0209700	  
(Oryza	  sativa)	  
14,212	   999,355	   77,342	   397,907	  
Les.113.1.S1
_at	  
Solanum	   lycopersicum	   cDNA,	  
clone:	  FC02BG03,	  HTC	  in	  fruit	  
20,051	   598,637	   38,714	   230,907	  
Les.3716.1.S
1_at	  
SANT/MYB	   domain	   protein	  
(Solanum	  lycopersicum)	  
12,375	   243,251	   16,283	   134,219	  
Les.398.1.A1
_at	  
Similar	   to	   a	   protein	   kinase	  
(Medicago	  truncatula)	  
3,568	   84,640	   3,283	   55,001	  
Les.3575.1.S
1_at	  
Pathogenesis-­‐related	   gene,	  
transcriptional	  activator	  Pti5	  
4,195	   37,333	   11,886	   33,854	  
	  
	  
Table	  2.	  List	  of	  differentially	  expressed	  genes	  showing	  common	  down-­‐regulation	  in	  Aft/Aft	  
and	  Aft/Aft	  atv/atv	  with	  respect	  to	  the	  wild	  type	  Ailsa	  Craig	  (AC)	  and	  atv/atv.	  
Affy_Probe	   Probe	  annotations	   Mean	  AC	  
Mean	  	  
Aft/Aft	  
Mean	  
atv/atv	  
Mean	  
Aft/Aft	  
atv/atv	  
Les.4944.1.S
1_at	  
Putative	  epoxide	  hydrolase	   7301,199	   2314,233	   7015,074	   1483,297	  
Les.2024.2.S
1_at	  
Putative	   D-­‐fructose-­‐1,6-­‐
bisphosphate	   1-­‐
phosphohydrolase	  
2467,323	   12,623	   5560,958	   48,886	  
LesAffx.2416
7.1.S1_at	  
Putative	  Arabidopsis	  thaliana	  
phospholipase/carboxylester
ase	   family	   protein	  
(AT1G52700)	  	  
312,473	   15,069	   566,443	   44,516	  
LesAffx.5521
6.1.S1_at	  
Putative	   AUX1-­‐like	   amino	  
acid	  permease	  	  
186,308	   5,114	   215,564	   19,967	  
LesAffx.7138
8.1.S1_at	  
Similar	   to	   Arabidopsis	  
thaliana	   mRNA	   for	  
peroxidase	   ATP17a	   like	  
protein	  
49,187	   11,005	   123,550	   11,941	  
Les.193.3.S1
_a_at	  
Similar	   to	   Arabidopsis	  
thaliana	   LOS4	   (LOW	  
EXPRESSION	   OF	  
OSMOTICALLY	   RESPONSIVE	  
GENES	  4)	  (AT3g53110)	  	  
3083,782	   14,244	   3922,659	   10,616	  
Les.3461.1.S Beta-­‐fructofuranosidase	   324,844	   5,940	   153,058	   7,501	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1_at	   (invertase)	  
Les.3568.1.S
1_at	  
Expansin	   417,478	   42,103	   145,192	   7,401	  
Les.3964.1.S
1_at	  
WRKY	   transcription	   factor,	  
similar	   to	   NtWRKY3	  
(Nicotiana	  tabacum)	  
157,314	   6,652	   65,907	   6,636	  
Les.2024.1.A
1_at	  
Putative	   D-­‐fructose-­‐1,6-­‐
bisphosphate	   1-­‐
phosphohydrolase	  
6237,046	   6,948	   11628,916	   5,830	  
LesAffx.7006
4.1.S1_at	  
Solanum	   lycopersicum	   cDNA,	  
clone:	   LEFL2004B02,	   HTC	   in	  
fruit	  
270,123	   7,472	   742,114	   5,585	  
Les.4022.1.S
1_at	  
Proteinase	  inhibitor	   1020,605	   5,836	   2049,327	   5,274	  
Les.4074.1.S
1_at	  
Aminoacid	  transporter	   61,643	   2,992	   152,875	   3,852	  
LesAffx.3360
7.1.S1_s_at	  
Calmodulin	   122,184	   5,609	   151,232	   3,364	  
Les.4968.1.S
1_s_at	  
Similar	   to	   Arabidopsis	  
thaliana	   endo-­‐xyloglucan	  
transferase	   A3	   (ETAG-­‐A3)	  
(AT2G01850)	  
43,500	   5,652	   31,536	   3,304	  
Les.1271.1.A
1_at	  
Similar	   to	   Arabidopsis	  
thaliana	   PDE149	   (PIGMENT	  
DEFECTIVE	  149)	  (AT5G12130)	  
139,012	   2,429	   169,498	   2,334	  
	  
	  
	  
	  
Common	  gene	  expression	  patterns	  in	  Aft/Aft	  atv/atv	  and	  atv/atv	  fruit	  peel	  
Genes	  sharing	  the	  expression	  pattern	  in	  Aft/Aft	  atv/atv	  and	  atv/atv	  when	  both	  genotypes	  
were	  compared	  to	  AC	  and	  Aft/Aft	  (Fig	  7;	  Tables	  3	  and	  4)	  were	  identified.	  The	  transcripts	  
for	  PAL5,	  CHS	  and	  CHI-­‐like,	  encoding	  enzymes	  involved	  in	  the	  early	  steps	  of	  the	  flavonoid	  
pathway,	  were	  strongly	  accumulated	  in	  both	  atv/atv	  and	  Aft/Aft	  atv/atv	   (Figure	  7;	  Table	  
3),	   in	   agreement	   with	   the	   qPCR	   data	   (Figure	   3B).	   Genes	   involved	   in	   the	   flavonol	  
metabolism	   and	   in	   other	   branches	   of	   the	   flavonoid	   pathway	   were	   also	   commonly	   up-­‐
regulated	   in	  atv/atv	   and	  Aft/Aft	  atv/atv.	   They	   include	  Les.4727.1.S1_at	   (similar	   to	  an	  A.	  
thaliana	  locus	  affecting	  the	  accumulation	  of	  flavonol	  3-­‐O-­‐gentiobioside	  7-­‐O-­‐rhamnoside),	  
and	   a	   gene	   (LesAffx.51045.1.S1_at)	   similar	   to	   a	   S.	   tuberosum	   isoflavone	   reductase	  
homologue	  (Figure	  7,	  Table	  3).	  Moreover,	  one	  of	  the	  commonly	  up-­‐regulated	  genes	  in	  atv	  
and	  double	  mutant	  was	  a	  putative	  UDP	  rhamnose:	  anthocyanidin-­‐3-­‐glucoside	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Figure	  7.	  Heatmap	  of	  differentially	  expressed	  genes	  showing	  a	  common	  expression	  pattern	  
in	   Aft/Aft	   atv/atv	   and	   atv/atv	   fruit	   peel.	   Two	   different	   biological	   replicates	   for	   each	  
genotype	  (indicated	  as	  1	  and	  2)	  were	  used	  for	  this	  experiment.	  
	  
	  
rhamnosyltransferase	   (Les.5842.1.S1_at),	   possibly	   involved	   in	   anthocyanin	   glycosylation	  
(Fig	   7;	   Table	   3).	   This	   data	  mirrors	   the	   qPCR	   results,	   showing	   that	   RT	  mRNA	  was	   high	   in	  
atv/atv	  and,	  to	  a	  lesser	  extent,	  in	  Aft/Aft	  atv/atv	  during	  the	  G	  phase	  (Figure	  4B).	  However,	  
since	  this	  gene	  was	  found	  expressed	  also	   in	  AC	  tomatoes	   in	  the	  T	  stage	  (Figure	  4B),	   it	   is	  
possible	  that	  it	  can	  be	  related	  to	  flavonol	  synthesis	  as	  well.	  In	  P.	  hybrida,	  PhRT	  expression	  
acting	   in	   the	   final	   part	   of	   the	   anthocyanin	   pathway	   generally	   coincides	   with	   pigment	  
accumulation	   in	   the	   flower,	   and	   follows	   a	   similar	   induction	   pattern	   to	   PhPAL,	   PhCHS,	  
PhCHI	  and	  PhDFR	  genes	  in	  terms	  of	  sugar	  and	  high-­‐light	  activation	  (Brugliera	  et	  al.,	  1994).	  
The	  higher	  activation	  of	  RT	   in	  Aft/Aft	  atv/atv	   fruits,	  possibly	   inherited	  from	  atv	   (Figures.	  
4B	  and	  7;	  Table	  3),	  might	  significantly	  contribute	  to	  the	  final	  glycosylation	  pattern	  of	  the	  
anthocyanins	  produced.	  
Several	   other	   genes	   that	   were	   involved	   in	   metabolic	   pathways	   not	   directly	  
related	   to	   flavonoid	   metabolism,	   resulted	   co-­‐expressed	   in	   atv/atv	   and	   Aft/Aft	   atv/atv.	  
Genes	  coding	  for	  a	  cytochrome	  P450	  monooxygenase	  (LesAffx.9038.1.S1_at),	  similar	  to	  P.	  
hybrida	  CYP88C1,	  and	  a	  cytochrome	  P450-­‐like	  protein	  (Les.672.1.S1_at),	  possibly	  involved	  
in	  the	  biosynthetic	  pathway	  of	  other	  secondary	  metabolites,	  were	  co-­‐modulated	   (Figure	  
7,	  Table	  3).	  Genes	  coding	  for	  a	  wound-­‐induced	  proteinase	  inhibitor	  (Les.1675.1.S1_at)	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Table	  3.	  List	  of	  differentially	  expressed	  genes	  showing	  common	  up-­‐regulation	  in	  atv/atv	  and	  
Aft/Aft	  atv/atv	  with	  respect	  to	  the	  wild	  type	  Ailsa	  Craig	  (AC)	  and	  Aft/Aft.	  
	  
Affy_Probe	   Probe	  annotations	   Mean	  AC	  
Mean	  
	  Aft/Aft	  
Mean	  
atv/atv	  
Mean	  
Aft/Aft	  
atv/atv	  
Les.5842.1.S1
_at	  
Similar	   to	   Petunia	   hybrida	   mRNA	  
for	   UDP	   rhamnose:	   anthocyanidin-­‐
3-­‐glucoside	  rhamnosyltransferase	  
4732,237	   9494,870	   31866,16	   21082,556	  
Les.4271.2.S1
_at	  
Lycopersicon	   esculentum	  
phenylalanine	   ammonia	   lyase	  
(pal5)	  gene	  
1368,610	   5600,505	   6139,084	   14428,954	  
Les.3650.1.S1
_at	  
Lycopersicon	   esculentum	   chalcone	  
synthase	  1	  (CHS1)	  
36,023	   2081,443	   22394,	  49	   14447,058	  
LesAffx.68320
.1.S1_at	  
Chalcone	  isomerase-­‐like	  	   3544,908	   4537,280	   17233,818	   11689,914	  
Les.3703.1.S1
_at	  
Auxin-­‐regulated	  IAA9	  	   1409,060	   2901,120	   5254,857	   4885,811	  
Les.314.2.S1_
at	  
Similar	   to	   Solanum	   chacoense	  
plasma	  membrane	   intrinsic	  protein	  
PIP2	  	  
1025,750	   937,341	   3163,542	   3171,549	  
Les.3758.1.S1
_at	  
APETALA3	  	   424,115	   417,173	   2582,528	   3014,262	  
LesAffx.9038.
1.S1_at	  
Weakly	   similar	   Petunia	   hybrida	  
cytochrome	   P450	   monooxygenase	  
(CYP88C1);	  aquaporin-­‐like	  protein	  
404,095	   1111,610	   8826,345	   2307,219	  
Les.4727.1.S1
_at	  
Solanum	  lycopersicum	  cDNA,	  clone:	  
LEFL2004G12,	   HTC	   in	   fruit;	   Similar	  
to	  an	  Arabidopsis	  thaliana	  genomic	  
region	   affecting	   the	   accumulation	  
of	   flavonol	   3-­‐O-­‐gentiobioside	   7-­‐O-­‐
rhamnoside	  (Locus	  AM74803	  6)	  
610,304	   1561,677	   5715,764	   2265,717	  
Les.5629.1.S1
_at	  
Similar	   to	  Capsicum	  annuum	  GDSL-­‐
lipase	  protein	  (LIP1)	  
262,348	   499,071	   1237,261	   1940,797	  
Les.672.1.S1_
at	  
Weakly	   similar	   to	   Arabidopsis	  
thaliana	   mRNA	   for	   cytochrome	  
P450	   like	   protein	   (LOCUS	  	  	  
AK226339)	  
88,567	   578,988	   3018,392	   1808,302	  
Les.2917.1.S1
_at	  
Solanum	  lycopersicum	  cDNA,	  clone:	  
LEFL2002BA05,	  HTC	  in	  fruit	  
321,586	   653,964	   2885,048	   1775,071	  
Les.5233.1.S1
_at	  
Similar	   to	   Citrus	   sinensis	  
pectinesterase	  (PECS-­‐1.2)	  gene	  
350,387	   307,292	   2139,201	   1731,669	  
Les.3614.1.S1
_at	  
Putative	  acid	  phosphatase	  	   358,043	   760,702	   961,996	   1525,789	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LesAffx.178.1.
S1_at	  
Solanum	  lycopersicum	  cDNA,	  clone:	  
LEFL1034AG11,	  HTC	  in	  leaf	  
455,635	   842,940	   3534,758	   1342,490	  
LesAffx.23915
.1.S1_at	  
Similar	   to	   Arabidopsis	   thaliana	  
esterase/lipase/thioesterase	   family	  
protein	  (AT3G47590)	  	  
294,757	   419,317	   1228,473	   1034,149	  
Les.5147.1.S1
_at	  
Similar	   to	   MADS-­‐box	   transcription	  
factor	  FBP22	  (Petunia	  hybrida)	  
4,600	   3,904	   523,765	   672,149	  
Les.3065.2.A1
_at	  
	  
	  
	  
Gossypium	   hirsutum	   SBP	  
transcription	   factor	   mRNA,	  
complete	   cds;	   	   Solanum	  
lycopersicum	   cDNA,	   clone:	  
LEFL2003DG08,	   HTC	   in	   fruit;	  
putative	   squamosa	   promoter-­‐
binding	  protein	  (Betula	  platyphylla)	  
41,650	   217,929	   1598,090	   526,371	  
LesAffx.60815
.1.S1_at	  
Similar	   to	   Arabidopsis	   thaliana	  
nucleic	   acid	   binding	   /	   nucleotide	  
binding	   (AT4G35785);	   transformer-­‐
SR	   ribonucleoprotein	   (Nicotiana	  
tabacum)	  
185,555	   220,444	   507,039	   478,510	  
Les.2946.2.S1
_at	  
Similar	   to	   Solanum	   tuberosum	  
mRNA	  for	  extensin-­‐like	  protein	  
3,797	   3,622	   253,448	   284,864	  
Les.1675.1.S1
_at	  
Wound-­‐induced	   proteinase	  
inhibitor	  II	  prepeptide	  
12,871	   9,211	   159,688	   251,151	  
Les.3771.1.S1
_at	  
Lycopene	  epsilon-­‐cyclase	   45,624	   87,509	   1011,259	   238,642	  
Les.75.1.S1_s
_at	  
Plant	   resistance	   protein,	   root-­‐knot	  
nematode	  resistance	  protein	  
18,548	   46,252	   147,742	   178,397	  
LesAffx.23915
.1.A1_at	  
Weakly	  similar	  Arabidopsis	  thaliana	  
esterase/lipase/thioesterase	   family	  
protein	  (AT1G29840)	  
14,170	   18,197	   97,602	   114,291	  
Les.2971.2.A1
_at	  
MADS-­‐box	   protein	   15	   (Petunia	  
hybrida);	   also	   similar	   to	   Solanum	  
tuberosum	   proteinase	   inhibitor	   1	  
PPI3A2	  (PPI3A2)	  
3,407	   3,499	   55,221	   43,981	  
LesAffx.51045
.1.S1_at	  
Similar	   to	   a	   putative	   Solanum	  
tuberosum	   mRNA	   for	   isoflavone	  
reductase	  	  
5,230	   6,346	   52,147	   22,839	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Table	  4.	  List	  of	  differentially	  expressed	  genes	  showing	  common	  down-­‐regulation	  in	  atv/atv	  
and	  Aft/Aft	  atv/atv	  with	  respect	  to	  the	  wild	  type	  Ailsa	  Craig	  (AC)	  and	  Aft/Aft.	  
	  
Affy_Probe	   Probe	  annotations	   Mean	  AC	  
Mean	  
	  Aft/Aft	  
Mean	  
atv/atv	  
Mean	  
Aft/Aft	  
atv/atv	  
Les.2072.1.A1_
at	  
Solanum	  lycopersicum	  cDNA,	  
clone:	  LEFL2012I07,	  HTC	  in	  
fruit;	  putative	  pyruvate	  
dehydrogenase	  E1	  beta	  subunit	  
2951,573	   3035,446	   341,481	   552,311	  
LesAffx.1251.1.
S1_at	  
Similar	  to	  an	  Arabidopsis	  
thaliana	  auxin-­‐responsive	  
family	  protein	  (AT5G03310)	  	  
1852,794	   831,471	   372,940	   436,410	  
LesAffx.70981.
1.S1_at	  
Similar	  to	  Nicotiana	  tabacum	  
t1pla2	  mRNA	  for	  
phospholipase	  A2	  
1417,112	   1364,979	   375,816	   343,926	  
Les.181.1.A1_a
t	  
Solanum	  lycopersicum	  
chromosome	  2	  clone	  
C02HBa0090O01;	  similar	  to	  
beta-­‐galactosidase	  
(Sandersonia	  aurantiaca)	  
3543,005	   4414,858	   37,916	   168,937	  
Les.5697.1.S1_
at	  
Putative	  Solanum	  tuberosum	  
NADPH	  quinone	  
oxidoreductase-­‐like	  protein	  	  
1394,130	   1018,799	   77,084	   73,742	  
Les.2623.1.A1_
at	  
Solanum	  lycopersicum	  cDNA,	  
clone:	  LEFL1010BC06,	  HTC	  in	  
leaf;	  similar	  to	  PHAP2A	  
(Apetala-­‐like)	  protein	  (Petunia	  	  
hybrida)	  
65,797	   31,325	   4,595	   14,836	  
Les.132.1.S1_a
t	  
1-­‐aminocyclopropane-­‐1-­‐
carboxylate	  oxidase	  4	  (ACC	  
oxidase	  4),	  ethylene	  forming	  
enzyme	  
112,431	   64,835	   8,224	   6,285	  
Les.3673.1.S1_
at	  
Beta-­‐1,3-­‐glucanase	   219,818	   122,185	   4,322	   4,072	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and	  a	  putative	  plant	  resistance	  protein	  (Les.75.1.S1_s_at),	  both	  involved	  in	  plant	  defence,	  
and	   genes	   similar	   to	   pectinesterases	   (Les.5233.1.S1_at)	   and	   extensin-­‐like	   proteins	  
(Les.2946.2.S1_at),	   both	   associated	   with	   cell	   wall	   metabolism,	   were	   all	   up-­‐regulated	   in	  
both	  atv/atv	   and	  Aft/Aft	   atv/atv	   (Figure	  7,	   Table	   3).	   For	   the	   initiation	  of	   environmental	  
stress	  responses,	  and	  for	  protecting	  against	  UV	  and	  pathogens,	  the	  activation	  of	  PAL	  and	  
PAL5	  genes,	  common	  to	  the	  two	  genotypes	  (Figure	  3B),	  could	  be	  also	  crucial	   (Lee	  et	  al.,	  
1992).	  
To	  summarise,	  genes	   involved	   in	   important	   steps	  of	   flavonoid	  biosynthesis,	   cell	  
wall	  metabolism	   and	   defence	   pathways,	   different	   from	   the	   ones	   found	   in	   the	   previous	  
paragraph,	  resulted	  commonly	  regulated	  in	  atv/atv	  and	  Aft/Aft	  atv/atv	  fruits.	  
	  
	  
Conclusions	  
Transcriptome	   analysis	   showed	   that	   anthocyanin	   production	   in	   Aft/Aft	   atv/atv	  
tomatoes	   coincides	   with	   the	   strong	   activation	   of	   specific	   genes	   involved	   in	   this	  
pathway.	  Neither	  in	  Aft	  nor	  in	  atv	  fruits	  a	  similar	  process	  could	  be	  observed,	  but	  only	  a	  
partial	   activation	   of	   some	   steps	   of	   the	   pathway.	   Our	   data	   indicate	   that	   Aft	   mainly	  
affects	  the	  expression	  of	  genes	  directly	   involved	  in	  the	  anthocyanin	  production,	  such	  
as	  DFR	  and	  other	  LBGs.	  This	  supports	  the	  hypothesis	  that	  Aft	  may	  represent	  an	  allele	  
of	   SlAN2	   or	   SlANT1,	   which	   encode	   MYB	   transcription	   factors	   highly	   expressed	   in	  
anthocyanin-­‐accumulating	   fruits	   (Figure	   1D).	   In	   other	   plant	   species,	   such	   as	  
Arabidopsis	  or	  petunia,	  MYB	  transcription	  factors	  specifically	  affect	  the	  expression	  of	  
LBGs	   of	   the	   anthocyanin	   pathway	   (Borevitz	   et	   al.,	   2000;	   Quattrocchio	   et	   al.,	   2006).	  
Similarly,	   the	   high	   expression	   of	   SlAN2	   and/or	   SlANT1	   in	   Aft	   green	   fruits	   could	   be	  
responsible	   for	   the	  activation	  of	   the	   late	  steps	  of	   the	  biosynthetic	  pathway	   (Figs.	  1D	  
and	  4B),	   leading	  to	  the	  final	   limited	  anthocyanin	  production	  (Figure	  1A,	  B,	  C).	  On	  the	  
other	   hand,	   qPCR	   and	   microarray	   data	   indicate	   that	   the	   atv	   mutation	   might	  
prevalently	  influence	  the	  expression	  of	  some	  of	  the	  EBGs	  involved	  in	  the	  biosynthesis	  
of	  flavonoid	  precursors	  in	  the	  fruit	  (Figs.	  3B	  and	  7).	  This	  would	  be	  in	  accordance	  with	  
the	   hypothesis	   of	   a	   role	   of	   this	   gene	   in	   the	   photomorphogenesis	   and	   in	   the	  
phytochrome	  signalling	  pathway,	  as	  suggested	  in	  earlier	  studies	  (Kendrick	  et	  al.,	  1997).	  
Indeed,	   other	   photomorphogenic	   mutants	   show	   a	   sustained	   activation	   of	   flavonoid	  
production,	  such	  as	  hp	  mutants	  (Torres	  et	  al.,	  2005;	  van	  Tuinen	  et	  al.,	  2006).	  However,	  
when	  atv	   is	  introduced	  in	  an	  Aft	  background,	  not	  only	  some	  important	  EBGs,	  such	  as	  
PAL,	  PAL5,	  4CL,	  CHI	  and	  F3H	  were	  up-­‐regulated	  (Figure	  3B),	  but	  also,	  and	  even	  more	  
strikingly,	   most	   of	   the	   LBGs	   (Figure	   4B).	   It	   is	   therefore	   likely	   that	   atv	   gene	  
synergistically	  acts	  with	  Aft	  on	  LBGs	  transcription.	  For	  example,	  a	  combined	  effect	  of	  
transcriptional	   activation,	   sustained	  by	   the	  high	   expression	  of	   SlAN2	   and/or	  SlANT1,	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and	  transcriptional	  de-­‐repression,	  exerted	  by	  the	  mutation	  in	  the	  gene	  Atv,	  could	  take	  
place.	  Negative	  regulators	  of	  anthocyanin	  biosynthesis,	  belonging	  to	  the	  R3-­‐MYB	  class,	  
have	  been	  recently	  identified	  in	  A.	  thaliana	  (AtMYBL2)	  (Dubos	  et	  al.,	  2008;	  Matsui	  et	  
al.,	  2008)	  and	  in	  petunia	  (PhMYBX)	  (Quattrocchio	  et	  al.,	  2006).	  Atv	  could	  play	  a	  similar	  
function	  in	  tomato.	  
Transcriptome	   analysis	   also	   revealed	   that	   in	   Aft/Aft	   atv/atv	   fruit	   peel,	   not	  
only	   anthocyanin	   production	   but	   also	   other	   important	   metabolic	   processes	   are	  
considerably	  altered.	  However,	  we	  cannot	  exclude	  that	  some	  differentially	  expressed	  
transcript	  can	  be	  due	  to	  a	  comparison	  of	  genetically	  different	  lines.	  Some	  of	  the	  genes	  
involved	  in	  the	  cell	  wall	  metabolism	  and	  in	  stress	  responses	  were	  up-­‐regulated.	  These	  
alterations	  could	  be	  due	  to	  the	  specific	  effects	  of	  either	  Aft	  or	  atv	  mutations	  (Figures	  6	  
and	  7).	   They	   could	  be	  also	   the	   consequence	  of	   changes	   in	   anthocyanin	  metabolism,	  
since	   this	   is	   tightly	   interconnected	   with	   other	   important	   physiological	   processes,	  
particularly	  with	  the	  pathway	  of	  biotic/abiotic	  stress	  responses.	  Research	   is	  on-­‐going	  
to	  verify	  if	  gene	  expression	  changes	  in	  Aft/Aft	  atv/atv	  can	  determine	  the	  acquisition	  of	  
physiological	   and	   nutritional	   properties.	   This	   could	   be	   very	   important	   for	   tomato	  
production	   and	  marketing,	   for	   example	   in	   terms	   of	   resistance	   to	   biotic	   and	   abiotic	  
stresses	  and	  antioxidant	  content.	  
	  
	  
Materials	  and	  Methods	  
	  
Plant	  material	  and	  growth	  conditions	  
Ailsa	   Craig	   (AC)	   (accession	   number	   LA2838A),	   Aft/Aft	   (accession	   number	   LA1996)	   and	  
atv/atv	  (accession	  number	  LA0797)	  seeds	  were	  provided	  by	  the	  Tomato	  Genetic	  Resource	  
Center	   (TGRC,	   University	   of	   California,	   Davis).	   Seeds	   from	   the	   double	   mutant	   Aft/Aft	  
atv/atv	   were	   obtained	   by	   G.P.	   Soressi	   (Department	   of	   Agrobiology	   and	   Agrochemistry,	  
University	  of	  Tuscia,	  Viterbo,	  Italy)	  by	  crossing	  the	  single	  mutants	  Aft	  and	  atv.	  Since	  nearly	  
isogenic	   lines	   for	   both	   Aft	   and	   atv	   mutations	   were	   not	   available	   among	   the	   S.	  
lycopersicum	  varieties,	  we	  chose	  the	  cv.	  AC	  as	  a	  control	  tomato	  line	  for	  our	  analyses.	  This	  
choice	  was	  done	  considering	  that,	  unlike	  the	  mutant	  lines	  selected	  for	  this	  study,	  AC	  does	  
not	  produce	  anthocyanins	  in	  the	  fruit	  skin.	  We	  considered	  also	  other	  parameters,	  such	  as	  
the	  morphology	  of	  the	  plant	  and	  the	  fruit,	  the	  size	  of	  mature	  tomatoes,	  and	  their	  ripening	  
time	   (time	   from	   anthesis	   to	   the	   different	   ripening	   stages).	   All	   these	   characteristics	   are	  
quite	   similar	  between	  AC	  and	   the	  mutant	   lines,	   therefore	  putting	  conditions	   to	  perform	  
valid	  comparisons.	  
Plants	  were	  grown	  during	   the	  winter	   in	   a	   controlled	  heated	  greenhouse	  with	   a	  
density	   of	   3	   plants	  m-­‐2.	   Drip	   irrigation	  was	   conducted	   by	   using	   a	   nutrient	   solution	  with	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electrical	  conductivity	  of	  3.5	  dS	  m-­‐1	  and	  pH	  6.5.	  The	  composition	  of	  the	  nutrient	  solution	  
was	  as	  follows	  (concentrations	  are	  expressed	  in	  mM):	  	  12	  N-­‐NO3
-­‐,	  1.3	  P-­‐PO4
-­‐,	  8	  K+,	  4	  Ca2+,	  
1.2	  Mg2+,	  9	  Na+,	  1.5	  S-­‐SO4
2-­‐.	  Micronutrients	  were	  added	  at	  Hoagland’s	   concentration	   (in	  
µmol	  L-­‐1:	  40	  B,	  40	  Fe,	  1	  Cu,	  5	  Zn,	  10	  Mn).	  The	  minimum	  temperature	  and	  ventilation	  air	  
temperature	   inside	   the	   glasshouse	   were	   13°	   C	   and	   27°	   C,	   respectively.	   The	   maximum	  
photosynthetic	  photon	  flux	  density	  ranged	  from	  500	  to	  700	  µmol	  m-­‐2	  s-­‐1;	  the	  mean	  value	  
of	  daily	  global	  radiation	  was	  5.1	  MJ	  m-­‐2.	  	  
Ailsa	  Craig	  control	  plants	  and	  the	  different	  mutants	  were	  planted	  in	  a	  randomized	  
block	  design	  (three	  blocks),	  and	  grown	  vertically	  with	  single	  stem	  (only	  five	  trusses	  were	  
left).	  Fruits	  were	  collected	  at	  mature	  green	  [corresponding	  to	  40	  days	  post	  anthesis	  (DPA)	  
for	  AC,	  44	  DPA	  for	  Aft/Aft	  and	  the	  double	  mutant	  Aft/Aft	  atv/atv,	  and	  50	  DPA	  for	  atv/atv],	  
turning	   red	   (49	  DPA	   for	  AC,	  54	  DPA	   for	  Aft/Aft	   and	   the	  double	  mutant,	   and	  60	  DPA	   for	  
atv/atv),	  and	  red	  (60	  DPA	  for	  AC,	  64	  DPA	  for	  Aft/Aft	  and	  the	  double	  mutant,	  and	  70	  DPA	  
for	   atv/atv)	   stages	   of	   development	   and	   ripening.	   These	   stages	   correspond	   to	   mature	  
green,	   breaker	   and	   red	   ripe,	   respectively,	   in	   the	   classification	   of	   Giovannoni	   (2004).	   At	  
each	  of	   the	   three	   stages	  of	   development,	   a	   single	   fruit	  was	  harvested	   from	  a	   randomly	  
chosen	  plant	  of	  each	  genotype	  within	  each	  block.	  Subsequently,	  equal	  peel	  samples	  were	  
removed	  with	   a	   scalpel	   from	   each	   fruit.	   These	   samples	  were	   then	   pooled	   according	   to	  
genotype	   prior	   anthocyanin	   and	   RNA	   extraction,	   allowing	   equal	   representation	   of	   each	  
block	   in	   the	   final	   sample.	   A	   total	   of	   three	   harvests	   taken	   from	   each	   genotype	   were	  
analyzed,	  each	  harvest	  representing	  a	  biological	  replicate.	  
	  
Anthocyanin	  quantification	  
Anthocyanin	   extraction	   from	   the	   skin	   of	   tomato	   fruits	   was	   performed	   as	   described	   by	  
Solfanelli	   et	   al.	   (2006).	   The	   amount	   of	   anthocyanins	   was	   determined	  
spectrophotometrically	   (A535)	   and	   expressed	   as	   mg	   of	   petunidin-­‐3-­‐(p-­‐coumaroyl	  
rutinoside)-­‐5-­‐glucoside	  per	  g,	  based	  on	  an	  extinction	  coefficient	  of	  17,000	  and	  a	  molecular	  
weight	  of	  934	  (Butelli	  et	  al.,	  2008).	  Mean	  values	  were	  obtained	  from	  three	   independent	  
replicates.	  
	  
Expression	  analysis	  by	  quantitative	  RT-­‐PCR	  
Total	  RNA	  was	  extracted	  from	  fruit	  peel	  samples	  using	  a	  “SpectrumTM	  Plant	  Total	  RNA	  Kit”	  
(Sigma-­‐Aldrich,	  St	  Louis,	  MO,	  USA)	  according	  to	  the	  manufacturer’s	  instructions.	  The	  RNA	  
was	   subjected	   to	   DNase	   treatment	   using	   a	   “TURBO	  DNA	   free	   Kit”	   (Ambion,	   Austin,	   TX,	  
USA).	  One	  µg	   of	   each	   sample	  was	   reverse	   transcribed	   into	   cDNA	  with	   an	   “iScript	   cDNA	  
Synthesis	   Kit”	   (Bio-­‐Rad	   Laboratories,	   Hercules,	   CA,	   USA).	   Quantitative	   RT-­‐PCR	  
amplification	   (qPCR)	   was	   carried	   out	   using	   an	   ABI	   Prism®	   7000	   Sequence	   Detection	  
System	  (Applied	  Biosystems,	  Foster	  City,	  CA,	  USA).	  The	  primers	  used	  for	  the	  amplification	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of	   the	   regulatory	   and	   the	   structural	   genes	   analyzed,	   with	   relative	   GeneBank	   accession	  
numbers,	   are	   listed	   in	   Table	   5.	   LeEF1A	   (Lycopersicon	   esculentum	   elongation	   factor	   1-­‐
alpha)	  was	  used	  as	  an	  endogenous	  control.	  qPCR	  reactions	  were	  carried	  out	  using	  a	  SYBR	  
Green	  PCR	  Master	  Mix	   (Applied	  Biosystems),	  10	  ng	  of	  cDNA	  template,	  and	  gene-­‐specific	  
primers	   in	   a	   final	   reaction	   volume	  of	   15	  µL.	   The	   relative	  quantitation	  of	   each	   individual	  
gene	   expression	   was	   performed	   using	   the	   geometric	   averaging	   method	   (geNorm)	  
(Vandesompele	  et	  al.,	  2002).	  
	  
RNA	  isolation,	  cRNA	  synthesis,	  and	  hybridization	  to	  Affymetrix	  GeneChips	  
Total	   RNA	  was	   extracted	   from	   the	  peel	   of	   the	  mature	   green	   fruits	   using	   a	   “SpectrumTM	  
Plant	   Total	   RNA	   Kit”	   (Sigma-­‐Aldrich).	   RNA	   quality	   was	   assessed	   by	   agarose	   gel	  
electrophoresis	   and	   spectrophotometry.	   RNA	   was	   processed	   for	   use	   on	   GeneChip®	  
Tomato	   Genome	   Arrays	  
(http://www.affymetrix.com/products_services/arrays/specific/tomato.affx).	  
Hybridization,	  washing,	  staining,	  and	  scanning	  procedures	  were	  performed	  by	  Genopolis	  
(University	   of	   Milano-­‐Bicocca),	   as	   described	   in	   the	   Affymetrix	   technical	   manual.	  
Microarray	   data	   analysis	   was	   performed	   using	   an	   R/Bioconductor	   (Gentleman	   et	   al.,	  
2004).	  Expression	  measures	  were	  obtained	  using	  a	  GeneChip	  Robust	  Multi-­‐Array	  (Wu	  and	  
Irizarry,	   2005),	   a	   multi-­‐array	   analysis	   method	   estimating	   probe	   set	   signals,	   taking	   into	  
account	  the	  physical	  affinities	  between	  probes	  and	  targets.	  Normalization	  was	  done	  using	  
a	  quantile	  method	  (Bolstad	  et	  al.,	  2003).	  To	  reduce	  the	  number	  of	  non-­‐informative	  genes,	  
we	  applied	  an	  interquantile	  filter	  (interquantile	  range,	  IQR=0.25).	  To	  identify	  a	  statistically	  
reliable	   number	   of	   differentially	   expressed	   genes	   among	   the	   genotypes,	   a	   linear	  model	  
was	   performed	   (Wettenhall	   and	   Smyth,	   2004).	   To	   assess	   a	   differential	   expression,	   an	  
empirical	  Bayesian	  method	  (Smyth	  and	  Gordon,	  2004)	  was	  used	  to	  moderate	  the	  SE	  of	  the	  
estimated	   log-­‐fold	   changes.	   To	   control	   P	   values	   in	   the	   context	   of	   multiple	   testing	  
problems,	  a	  Benjamini-­‐Hochberg	  correction	  of	  the	  false	  discovery	  rate	  (Reiner	  et	  al.,	  2003)	  
was	  applied	   (adjusted	  P	  value	  ≤0.001),	   leading	   to	  a	   list	  of	  differentially	  expressed	  probe	  
sets.	   Microarray	   datasets	   were	   deposited	   in	   a	   public	   repository	   with	   open	   access	  
(accession	  no.	  GSE19792;	  http://www.ncbi.nlm.nih.gov/projects/geo).	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Table	  5.	  List	  of	  primers	  used	  in	  quantitative	  RT-­‐PCR	  analyses.	  
	  
Gene	  
Name	  
Gene	  
Description	  
GenBank	  
ccession	  number	  
Forward	  primer	   Reverse	  primer	  
TaqMan	  
probe	  
EF1A	  
Elongation	  
factor1-­‐alpha	  
X14449	  
TGCTTGCTTTCAC
CCTTGGT	  
CGATTTCATCATA
CCTAGCCTTGGA	  
CTGCTG
TAACAA
GATGGA
TGC	  
ANT1	   Anthocyanin	  1	   DD030645	  
AAGTGGATCTCA
TTTTGAGGCTTCA	  
TCCTTCCGGGAA
GTCTACCA	  
CAACAG
ATGGTC
ACTTATT
G	  
AN2	   Anthocyanin	  2	   FJ744761	  
TTCCAGGAAGGA
CAGCAAAC	  
AACGAGGACGA
GAATGAGGA	  
	  
PAL*	  	  
Phenylalanine	  
ammonia-­‐lyase	  	  
M83314	  	  
ATTGGGAAATGG
CTGCTGATT	  
TCAACATTTGCA
ATGGATGCA	  
	  
PAL5	  
Phenylalanine	  
ammonia-­‐lyase	  5	  
M90692	  
GGAATTGCAGGG
TTGCCACTTT	  
AAGGCCGCGTTG
CCTAAAGAAG	  
	  
4CL	  
4-­‐coumarate-­‐
CoA	  ligase	  
AK323545	  
GCATTGGAGAAT
GGTGTGAA	  
CTCATCGGCCTG
AATCAACT	  
	  
CHS*	  
Chalcone	  
synthase	  1	  
X55194	  
TGGTCACCGTGG
AGGAGTATC	  
GATCGTAGCTGG
ACCCTCTGC	  
	  
CHI*	  
Chalcone	  
isomerase	  
AK325510	  
GTTTTTCACAAAC
CAACAGTTCTGA
T	  
GAAGCAGTGCTC
GATTCCATAAT	  
	  
CHI-­‐like	  
Chalcone	  
isomerase	  like	  
AK328644	  
TGAGGCTATTGT
GAATGCTCCAG	  
TAGCACTCTCTA
GCTGCACACC	  
	  
F3H*	  
Flavanone-­‐3-­‐
hydroxylase	  
AK329343	  
CACACCGATCCA
GGAACCAT	  
GCCCACCAACTT
GGTCTTGTA	  
	  
F3’H*	  
Flavanone-­‐3'-­‐
hydroxylase	  
AC238569	  
GCACCACGAATG
CACTTGC	  
CGTTAGTACCGT
CGGCGAAT	  
	  
FLS*	  
Flavonol	  
synthase	  
AK325947	  
GAGCATGAAGTT
GGGCCAAT	  
TGGTGGGTTGGC
CTCATTAA	  
	  
F3’5’H*	  
Flavonoid	  3’5’-­‐
hydroxylase	  
DB723744	  
GGCAATTGGACG
AGATCCTG	  
AAGGAACCTCTC
GGGAGTGAA	  
	  
DFR	  
Dihydroflavonol	  
reductase	  
Z18277	  
CAAGGCAGAGG
GAAGATTCATTT
G	  
GCACCATCTTAG
CCACATCGTA	  
ATCCCA
TCATGC
TATCATC	  
ANS*	  
Leucoanthocyani
din	  dioxygenase	  
AJ785263	  
GAACTAGCACTT
GGCGTCGAA	  
TTGCAAGCCAGG
CACCATA	  
	  
AAC	  
Anthocyanin	  
acyltransferase	  
EU979541	  
CCCTCCAGTACC
ACCAGAAA	  
TTCAGACAACCTT
CCAGCAA	  
	  
PAT	   Anthocyanin	   AY348872	   CGGTGTTTCAGT TTGCATCTCCTTG 	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permease	   CCCTCCTA	   CTGTTTG	  
GST	  
Glutathione	  S-­‐
transferase	  
AC226509	  
TGGGACACAACA
GTGATTTGA	  
TGGCTTAGATCG
GCTAAGGA	  
	  
3GT	  
Flavonoid:	  3-­‐O-­‐
glucosyltransfera
se	  
BP893263	  
GCACATAAGAGT
GTTGGCGTTT	  
TTTCCAAACACTT
TCCACCA	  
	  
5GT	  
Anthocyanin	  5-­‐O	  
glucosyltransfera
se	  
CD003048	  
GTGGCATTTCCTC
ATTGGAC	  
TCATCACTCTCAA
CCACACCA	  
	  
RT	  
UDP	  rhamnose:	  
anthocyanidin-­‐3-­‐
glucoside	  
rhamnosyltransf
erase	  
BP890816	  
ATGTTGCCACAG
AAAGGTGA	  
CCATCATCACCAT
CTCCACA	  
	  
*Primer	  sequences	  taken	  from	  Bovy	  et	  al.	  (2002).	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Chapter	  5	  
	  
Functional	   characterisation	   of	   a	   small	   family	   of	  MYB	   genes	   of	   tomato,	  
shows	  that	  the	  	  Anthocyanin	  fruit	  locus	  encodes	  the	  SlAN2	  gene	  
with	  Cornelis	  Spelt,	  Pierdomenico	  Perata,	  Silvia	  Gonzali,	  Simona	  Cardellicchio,	  Ronald	  Koes	  
and	  Francesca	  Quattrocchio	  
	  
	  
Abstract	  
Anthocyanins	  are	   secondary	  metabolites	   that	   colour	   leaves,	   flowers	  and	   fruits	  and	  have	  
antioxidant	   and	   nutraceutical	   properties.	   Unfortunately,	   most	   widely	   consumed	  
vegetables	  and	  fruits,	  such	  as	  cultivated	  tomatoes,	  accumulate	  only	  very	  small	  amounts	  of	  
these	   compounds.	   By	   interspecific	   crosses	   with	   wild	   Solanum	   species,	   loci	   such	   as	  
Anthocyanin	  fruit	   (Aft),	  have	  been	   introgressed	   into	  tomato.	  However,	  the	  nature	  of	  the	  
dominant	   allele	  Aft,	   which	   drives	   anthocyanin	   biosynthesis	   in	   the	   skin	   of	   the	   fruit,	   has	  
remained	  unknown,	  despite	  its	  economical	  importance	  for	  the	  production	  of	  anthocyanin	  
containing	  tomatoes.	  To	  identify	  the	  Aft	  locus,	  we	  studied	  two	  tomato	  MYB	  genes,	  SlANT1	  
and	  SlAN2,	  that	  are	  considered	  probable	  candidates	  for	  the	  Aft	   locus.	  Comparison	  of	  the	  
genomic	   fragment	   containing	   these	   two	   genes	   in	   control	   tomato	   and	  Aft	   lines	   revealed	  
the	   presence	   of	   numerous	   sequence	   polymorphisms	   in	   the	   promoter,	   introns	   and	   the	  
coding	  sequence.	  SlAN2	   is	  expressed	   in	   the	  Aft	   line	  at	  a	  much	  higher	   level	   than	  SlANT1,	  
suggesting	   a	   major	   contribution	   of	   this	   gene	   to	   the	   “Anthocyanin	   fruit”	   phenotype.	  
Because	  ectopic	  expression	  of	  SlAN2	  or	  SlANT1	  allele	  from	  either	  a	  control	  (cv	  Alisa	  Craig)	  
or	   Aft	   lines	   equally	   activate	   strong	   production	   of	   anthocyanins	   in	   the	   whole	   plant,	  
producing	  “deep	  purple”	  fruits,	   the	  Aft	  phenotype	   is	  unlikely	  to	  be	  due	  to	  differences	   in	  
the	  encoded	  proteins.	  However,	  experiments	  in	  which	  a	  genomic	  fragment	  of	  the	  SlAN2Aft	  
allele	   including	   its	   own	   promoter	   was	   introduced	   in	   cultivated	   tomato,	   highly	   induced	  
expression	   of	   SlANT1	   and	   structural	   anthocyanin	   genes	   resulting	   in	   an	   “Aft-­‐like”	  
phenotypes.	  Taken	  together,	  these	  experimental	  evidences	  strongly	  indicate	  that	  SlAN2	  is	  
the	  Aft	  locus.	  
	  	  
Introduction	  
Anthocyanins	  are	  a	  group	  of	  water-­‐soluble	  flavonoids	  derived	  from	  the	  phenylpropanoid	  
biochemical	   pathway.	   They	   are	  wide	   spread	   pigments	   in	   the	   plant	   kingdom	   and	   confer	  
red,	  purple,	  and	  blue	  pigmentation	  to	  most	  vegetative	  tissues,	   flowers,	  seeds,	  and	  fruits	  
(Holton	   and	   Cornish,	   1995).	   Besides	   their	   function	   in	   the	   attraction	   of	   pollinators	   and	  
other	   agents	   for	   seed	  dispersal,	   anthocyanins	   also	   play,	   due	   to	   their	   chemical	   structure	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and	   antioxidant	   activity,	   a	   protective	   role	   in	   plant	   tissues.	   The	   biosynthesis	   of	   these	  
compounds	   is	   induced	   -­‐particularly	   in	   leaves	   and	   fruits-­‐	   by	   high	   irradiance,	   low	  
temperatures,	  drought	  or	  other	  environmental	  stresses	  (Gould,	  2004).	  Anthocyanins	  have	  
been	  shown	  to	  be	  also	   involved	   in	  the	  defence	  against	  pathogens,	  as	  anti-­‐herbivore	  and	  
antimicrobial	  compounds	  (Karageorgou	  and	  Manetas,	  2006).	  
Anthocyanins	  are	  ubiquitously	  present	  in	  plants	  and	  are	  therefore	  part	  of	  our	  diet	  
(Gonzali	  et	  al.,	  2009).	  In	  the	  last	  decades,	  the	  antioxidant	  and	  health-­‐promoting	  properties	  
of	   these	   compounds	   have	   been	   documented	   in	   a	   still	   increasing	   number	   of	   studies	  
showing	  that	  anthocyanins	  can	   improve	  sight	  and	  may	  have	  anti-­‐inflammatory	  and	  anti-­‐
carcinogenic	   activities	   (Prior,	   2003;	   Lila,	   2004;	  Galvano	  et	   al.,	   2007;	   Kampa	  et	   al.,	   2007;	  
Butelli	  et	  al.,	  2008;	  Wang	  and	  Stoner,	  2008).	  Furthermore,	  their	  intake	  has	  been	  shown	  to	  
stimulate	   protection	   against	   cholesterol-­‐induced	   atherosclerosis	   and	   coronary	   heart	  
disease	   (Prior,	   2003).	   These	   findings	   stimulated	   the	   proliferation	   of	   studies	   aiming	   to	  
increase	  the	  content	  of	  flavonoids	  and	  anthocyanins	  in	  crop	  plants	  (Boudet,	  2007).	  	  
The	   biosynthesis	   of	   flavonoids	   starts	   from	   precursors	   originating	   from	   the	  
shikimate	  and	  acetate-­‐malonate	  pathways	  (Dooner	  et	  al.,	  1991;	  Awad	  et	  al.,	  2000).	  Many	  
of	  the	  structural	  genes,	  encoding	  the	  enzymes	  of	  the	  pathway,	  and	  regulatory	  genes	  that	  
control	   their	   transcription	  have	  been	   identified	   in	   several	   species,	   including	  Arabidopsis	  
and	   petunia.	   The	   transcription	   of	   structural	   genes	   such	   as	   DIHYDROFLAVONOL	  
REDUCTASE	   (DFR),	   which	   are	   specific	   for	   the	   anthocyanin	   pathway,	   is	   activated	   by	   a	  
conserved	   triad	   of	   proteins	   with	   a	   MYB,	   basic-­‐Helix-­‐Loop-­‐Helix	   (bHLH)	   and	   a	   WD40	  
domain	  respectively.	  In	  petunia	  and	  Arabidopsis	  the	  WD40	  protein	  is	  expressed	  in	  virtually	  
all	   tissues,	  whereas	  expression	  of	   the	  bHLH	  and	  MYB	  partners	   is	   confined	   to	  pigmented	  
tissues.	   Consequently,	   forced	   expression	   of	   the	   bHLH	   and	   MYB	   gene	   is	   sufficient	   for	  
ectopic	  expression	  of	  structural	  anthocyanins	  and	  the	  coloration	  of	  tissues	  that	  normally	  
lack	   anthocyanins.	   Our	   recent	   study	   showed	   that	   in	   petunia	   the	   MYB	   proteins	  
ANTHOCYANIN2	   (AN2)	   and	   AN4	   are	   sufficient	   to	   activate	   anthocyanin	   synthesis	  
ectopically,	  as	   they	  can	   induce	  the	  transcription	  of	   the	  partner	  bHLH	  gene	  AN1	   (chapter	  
6).	  
Tomato	   (Solanum	   lycopersicum	   L.),	   is	   a	   popular	   food	   plant	   whose	   fruits	   are	  
among	  the	  most	  consumed	  vegetables	  worldwide.	  Although	  tomato	  plants	  can	  synthesize	  
anthocyanins	   in	   vegetative	   tissues,	   showing	   that	   the	   biochemical	   pathway	   leading	   to	  
anthocyanin	  accumulation	  is	  intact	  in	  this	  species,	  in	  the	  tomato	  fruits	  there	  are	  only	  very	  
small	   amounts	   of	   flavonoids,	   mostly	   concentrated	   in	   the	   peel,	   where	   they	   accumulate	  
during	   ripening.	   The	   typical	   red	   colour	   of	   cultivated	   tomatoes	   is	   due	   to	   massive	  
accumulation	   of	   the	   carotenoid	   lycopene	   (Muir	   et	   al.,	   2001;	   Verhoeyen	   et	   al.,	   2002;	   Le	  
Gall	   et	   al.,	   2003;	   Torres	   et	   al.,	   2005;	   Bovy	   et	   al.,	   2007).	   The	   	   “black”	   or	   “purple”	   fruit	  
colours	   that	   are	   common	   in	   some	   tomato	   heirloom	   varieties,	   originate	   from	  mutations	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affecting	   chlorophyll	   breakdown	   and	   carotenoid	   content,	   and	   are	   not	   related	   to	  
anthocyanin	  production	   (Mes	  et	  al.,	  2008).	  However,	  anthocyanin	  pigmentation	   in	   fruits	  
can	   be	   observed	   in	   many	   species	   closely	   related	   to	   tomato	   (e.g	   Solanum	   chilense,	   S.	  
peruvianum,	   S.	   habrochaites,	   S.	   cheesmanii,	   and	   S.	   lycopersicoides).	   The	   fact	   that	  
anthocyanins	  still	  can	  be	  produced	  in	  some	  taxonomically	  close	  wild	  species	  suggests	  that	  
the	  production	  of	  these	  compounds	  could	  have	  been	  lost	  during	  domestication.	  	  	  
To	  activate	  abundant	  anthocyanin	  synthesis	   in	  the	  tomato	  fruit	   it	   is	  sufficient	  to	  
ectopically	   express	   DELILA	   and	   ROSEA	   (Butelli	   et	   al.,	   2008),	   which	   are	   bHLH	   and	   MYB	  
regulators	   of	   the	   anthocyanin	   pathway	   in	   snapdragon	   flowers	   (Goodrich	   et	   al.,	   1992;	  
Schwinn	   et	   al.,	   2006).	   This	   demonstrates	   that	   the	   absence	   of	   anthocyanins	   in	   normal	  
tomato	   fruits	   is	  because	   the	  endogenous	  genes	  encoding	   the	  MYB	  and	  bHLH	   regulators	  
are	   not	   expressed	   in	   this	   organ	   (Butelli	   et	   al.,	   2008;	   Gonzali	   et	   al.,	   2009).	   However,	   as	  
consumers	  are	  often	  reluctant	  to	  accept	  genetically	  modified	  fruits	  or	  vegetables,	  at	  least	  
within	  short	  time,	  plant	  breeding	  remains	  a	  more	  realistic	  approach	  for	  the	  enrichment	  of	  
anthocyanins	  in	  tomato.	  	  
A	   classical	   approach	   is	   to	   use	   wild	   Solanum	   species	   taxonomically	   close	   to	   S.	  
lycopersicum,	  that	  have	  retained	  the	  ability	  to	  produce	  anthocyanins	  in	  fruits,	  for	  breeding	  
with	  cultivated	  tomato	   (Jones	  et	  al.,	  2003).	   In	   this	  way	   it	  has	  been	   	   	  possible	  to	  transfer	  
the	   ability	   to	   produce	   small	   amounts	   of	   anthocyanins	   in	   the	   peel	   of	   the	   fruit	   into	  
cultivated	   tomatoes	   (Jones	   et	   al.,	   2003;	   Gonzali	   et	   al.,	   2009).	   The	   dominant	   locus	   Aft	  
(Anthocyanin	  fruit)	  on	  chromosome	  10,	  which	  triggers	  pigmentation	  upon	  stimulation	  by	  
light,	  has	  been	  reported	  to	  originate	  from	  a	  cross	  of	  domesticated	  tomato	  with	  S.	  chilense,	  
which	   is	   a	   wild	   tomato	   species	   with	   pigmented	   fruits	   (Georgiev,	   1972).	   The	   dominant	  
allele	  of	  Aft	   induces	  anthocyanin	  biosynthesis	   in	   immature	  green	  fruit,	  and	  subsequently	  
anthocyanins	   are	   accumulate	   continuously	   throughout	   development	   (Mes	   et	   al.,	   2008).	  
Further	   characterization	   of	   this	   tomato	   line	   showed	   that	   the	   Aft	   gene	   affects	   the	  
expression	   of	   structural	   genes	   directly	   involved	   in	   anthocyanin	   production,	   such	   as	  
FLAVONOID	  3’5’-­‐HYDROXILASE	   (F3’5’H),	   DFR,	  and	   LEUCOANTHOCYANIDIN	  DIOXYGENASE	  
(ANS)	  (Povero	  et	  al.,	  2011).	  Furthermore,	  the	  line	  (named	  Aft,	  accession	  number	  LA1966)	  
containing	  this	  gene	  displays	  an	  elevated	  carotenoid	  content.	  	  
A	  recessive	  allele	  at	  another	  locus,	  Atroviolacea	  (Atv)	  located	  on	  chromosome	  7,	  
was	   introduced	   in	   tomato	   from	   a	   natural	   population	   of	   S.	   pimpinellifolium	   (Rick	   et	   al.,	  
1968).	  Atv	  stimulates	  anthocyanin	  pigmentation	  in	  the	  whole	  tomato	  plant,	  particularly	  in	  
vegetative	  tissues,	   in	  response	  to	   light	  stimulation	  (Mes	  et	  al.,	  2008)	  and	  the	  “SunBlack”	  
line	  resulting	  from	  the	  cross	  between	  the	  atv	  and	  the	  Aft	  lines	  (double	  “mutant”	  atv	  Aft)	  
shows	   intense	   coloration	   of	   vegetative	   organs	   and	   fruits.	   The	   analysis	   of	   transcriptomic	  
changes	  in	  “SunBlack”,	  where	  Aft	  and	  atv	  alleles	  are	  both	  present,	  confirmed	  a	  synergistic	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effect	   of	   these	   two	   alleles	   in	   specifically	   activating	   anthocyanin	   biosynthetic	   genes	  
(Povero	  et	  al.,	  2011).	  	  
Linkage	   studies	   have	   shown	   that	   the	  Aft	   locus	   co-­‐segregates	   with	   two	   distinct	  
genes	   located	   on	   chromosome	   10,	   named	   SlAN2	   (ANTHOCYANIN2;	   Boches	   and	  Myers,	  
2007)	  and	  SlANT1	  (ANTHOCYANIN1;	  Sapir	  et	  al.,	  2008),	  both	  encoding	  R2-­‐R3	  MYB	  proteins	  
and	  are	  highly	  similar	  to	  the	  regulatory	  anthocyanin	  genes	  AN2	  of	  petunia	  (Quattrocchio	  
et	  al.,	  1999)	  and	  ROSEA	  of	  snapdragon	  (Schwinn	  et	  al.,	  2006;	  Figure	  1D).	  	  
In	  this	  study	  we	  analysed	  SlANT1	  and	  SlAN2,	  to	  establish	  the	  contribution	  of	  each	  
of	  these	  genes	  to	  the	  Anthocyanin	  fruit	  phenotype.	  We	  show	  here	  that	  SlAN2	  and	  SlANT1	  
proteins	   can	   both	   activate	   anthocyanin	   biosynthesis	   in	   any	   tomato	   plant	   part	   when	  
ectopically	   expressed.	   Moreover,	   transgenic	   Ailsa	   Craig	   (AC,	   our	   control	   line)	   tomato	  
plants	   harbouring	   the	   SlAN2Aft	   complete	   gene,	   phenocopy	   the	  Aft	   phenotype.	   Together	  
with	   sequence	   comparison	   of	   the	   regulatory	   regions	   in	  Aft	   and	   control	   cultivars,	   these	  
results	   strongly	   indicate	   that	   the	   SlAN2	   gene	   is	   the	   Aft	   locus	   and	   that	   the	   difference	  
between	  the	  AC	  and	  the	  Aft	  allele	  is	  in	  the	  regulation	  of	  the	  expression	  rather	  than	  in	  the	  
protein	  functionality.	  	  	  	  
	  
	  
Results	  	  
	  
SlANT1	  and	  SlAN2	  are	  adjacent	  genes	  	  
Several	   studies	   suggested	   that	  either	  SlANT1	  or	  SlAN2,	  or	  both,	  might	   represent	   the	  Aft	  
locus,	  because	   they	  co-­‐segregate	   in	  crosses	  with	   the	  Aft	  phenotype	   (Boches	  and	  Myers,	  
2007;	  Povero	  et	  al.,	  2011).	  However,	  since	  the	  mapping	  populations	  were	  rather	  small,	  it	  
cannot	   be	   ruled	   out	   that	   Aft	   is	   a	   separate	   locus	   in	   the	   same	   region.	   Analysis	   of	   the	  
genomic	   regions	  containing	  SlANT1	  and	  SlAN2	   combined	  with	   the	  sequence	   information	  
available	   on	   the	   website	   of	   the	   “Sol	   Genomic	   Network”	  
(http://solgenomics.net/tools/blast/index.pl),	  enabled	  us	  to	  piece	  together	  the	  sequence	  
of	  a	  single	  genomic	  fragment	  including	  both	  genes	  in	  the	  cultivated	  tomato	  control	  line	  AC	  
(see	  material	  and	  methods)	  which	  harbours	  anthocyaninless	  fruits.	  The	  two	  genes	  turned	  
out	  to	  be	  only	  ~2.7	  kb	  apart	  (precisely	  2.684	  bp	  between	  the	  STOP	  codon	  of	  SlANT1	  and	  
the	   ATG	   of	   SlAN2;	   	   Figure	   1A)	   and	   on	   the	   very	   same	   chromosome	   fragment	   we	   could	  
identify	  yet	  another	  R2R3-­‐MYB	  gene,	  located	  ~6	  kb	  upstream	  of	  the	  SlANT1	  coding	  region.	  
We	   named	   this	   novel	   gene	   SlANT1-­‐like	   because	   it	   is	   more	   similar	   (84%	   identity	   at	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nucleotide	   level)	   to	   SlANT1	   (Supplemental	   Data	   IA),	   than	   to	   SlAN2	   (79%	   identity),	  
	  
	  
Figure	  1.	  Structure	  and	  phylogenetic	  relationships	  of	  SlANT1	  and	  SlAN2.	  
(A)	  Diagram	   showing	   the	   structure	   of	   genomic	   fragment	   from	   the	   “wild	   type”	   cultivar	   AC	  
(LA2838A)	  containing	  SlANT1-­‐like,	  SlANT1,	  and	  SlAN2.	  Black	  arrows	  indicate	  the	  orientation	  
of	  the	  genes	  from	  5’	  to	  3’,	  while	  the	  transcribed	  region	  of	  each	  gene	  is	  represented	  by	  grey-­‐
filled	  rectangles.	  
(B)	  PCR	  analysis	  of	  SlANT1	  and	  SlAN2	  alleles	  from	  AC	  and	  Aft	  tissues,	  starting	  from	  genomic	  
DNA	  (gDNA)	  and/or	  cDNA,	  revealing	  a	  length	  polymorphism	  among	  SlAN2	  alleles.	  
(C)	  Diagram	  showing	  the	  intron-­‐exon	  structure	  (from	  ATG	  to	  STOP)	  of	  the	  SlANT1	  and	  SlAN2	  
alleles	  of	  AC,	  Aft,	  and	  S.	  chilense.	  Exons	  are	  represented	  by	  solid	  black	  boxes.	  The	  insertion	  
in	  the	  ScAN2	  allele	  has	  many	  characteristics	  of	  a	  transposon,	  while	  the	  insertion	  in	  SlAN2AC	  
does	  not	  have	  any	  of	  the	  characteristics	  of	  a	  mobile	  element.	  	  
(D)	   Phylogenetic	   tree	   showing	   the	   sequence	   similarity	   between	   the	   MYB	   domains	   of	  
proteins	  involved	  in	  pigmentation	  in	  different	  plant	  species.	  The	  tree	  was	  constructed	  using	  
the	  Neighbor-­‐Joining	   (NJ)	  algorithm	   (MEGA	  4.1	   software).	   The	  GenBank	  accession	  number	  
and	  the	  source	  of	  each	  sequence	  are	  described	  in	  the	  “Material	  and	  methods”	  section.	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(Supplemental	  Data	   IB).	  Thus	   the	   finding	   that	  both	  SlAN2	   and	  SlANT1	   co-­‐segregate	  with	  
the	  Aft	  locus	  is	  explained	  by	  their	  genomic	  contiguity.	  
Phylogenetic	  analysis	  of	  the	  three	  MYB	  genes	  in	  this	  small	  genomic	  region	  (Figure	  
1D)	   shows	   that	   they	   are,	   member	   of	   two	   distinct	   (although	   close)	   clades:	   SlANT1	   and	  
SlANT1-­‐like	   are	  more	   related	   to	  AN4	  of	   petunia,	  while	   SlAN2	   is	  more	   related	   to	  AN2	  of	  
petunia.	   All	   three	   genes	   are	   very	   related	   to	   each	   other,	   indicating	   that	   they	   might	  
originate	  from	  relatively	  recent	  duplications.	  This	  suggests	  that	  this	  gene	  cluster	  arose	  by	  
two	  separate	  duplications.	  The	  first	  duplication	  occurred	  before	  the	  divergence	  of	  petunia	  
and	   tomato	   lineage	   and	   gave	   rise	   to	   the	   SlAN2	   and	   SlANT1	   clade,	   followed	   later	   by	   a	  
second	  duplication	  that	  gave	  rise	  to	  SlANT1-­‐like.	  
	  
Sequence	  polymorphisms	   in	  SlANT1	  and	  SlAN2	  of	  AC	  and	  Aft	   	  S.	   lycopersicum	   lines	  
and	  S.	  chilense	  
To	   study	   sequence	  polymorphisms	  of	   the	  SlANT1	   and	  SlAN2	   genes	   in	   the	  AC,	  Aft	   and	  S.	  
chilense	   genotypes,	  we	  amplified	  and	  sequenced	   the	   transcribed	   regions	  of	   these	  genes	  
from	  the	  three	  different	  accessions.	  This	  showed	  that	  the	  SlAN2AC	  allele	  contained	  in	  the	  
second	   intron	   an	   insertion	   of	   ~400	   bp,	   when	   compared	   to	   SlAN2Aft	   	   (Figure	   1B	   and	   1C;	  
Supplemental	  Data	  IIA),	  while	  ScAN2	  contains	  instead	  an	  insertion	  of	  275	  bp	  at	  a	  different	  
position	  in	  the	  same	  intron	  (Figure	  1C,	  Supplemental	  Data	  IIB).	  While	  the	  insertion	  in	  the	  
SlAN2AC	  does	  not	  show	  any	  peculiarity,	  the	  sequence	  of	  the	  insertion	  in	  the	  ScAN2	  allele	  
presents	  the	  typical	  features	  of	  a	  transposon,	  such	  as	  a	  “Target	  Site	  Duplication	  (TSD)”	  of	  
8	  bp	  and	  imperfect	  “Terminal	  Inverted	  Repeats	  (TIR)”	  (Figure	  1C;	  Supplemental	  Data	  IIB).	  
However,	   it	  appears	  that	  today	  this	  element	   is	  no	   longer	  mobile.	  These	   insertions	   in	  the	  
second	  intron	  of	  SlAN2AC	  and	  SlAN2Aft	  do	  not	  seem	  to	  have	  any	  effect	  on	  the	  splicing	  of	  the	  
intron	  as	  PCR	  amplification	  of	  cDNAs	  resulted	  in	  amplicons	  of	  the	  same	  size	  (Figure	  1B).	  	  
Besides	   the	   sequence	   length	   polymorphisms	   in	   the	   second	   intron	   of	   SlAN2AC,	  
SlAN2Aft	  and	  ScAN2,	  we	   could	  pinpoint	   several	   other	  differences	   in	  both	   the	   coding	  and	  
non-­‐coding	   regions	   (Figure	   1C;	   Supplemental	   Data	   IIA-­‐B).	   Some	   of	   the	   nucleotide	  
substitutions	   result	   in	   amino	   acid	   substitutions	   in	   the	   encoded	   proteins	   (Supplemental	  
Data	  IIC).	  	  
It	  is	  striking	  that	  the	  polymorphisms	  in	  these	  three	  alleles	  do	  not	  support	  the	  idea	  
that	  SlAN2Aft,	   is	   introgressed	  from	  S.	  chilense.	  For	  example,	  as	  the	  S.	  chilense	  allele	  has	  a	  
(possibly	  defective)	  transposon	  insertion	  that	  was	  lost	  by	  excision	  after	  the	  introgression	  
into	  the	  Aft	  line,	  than	  SlAN2Aft	  should	  contain	  a	  typical	  transposon	  footprint	  at	  the	  empty	  
donor	  site,	  which	   is	  not	   the	  case.	  Moreover,	   there	  are	  many	  other	  polymorphisms	  seen	  
between	   SlAN2Aft	   and	   ScAN2	   that	   are	   difficult	   to	   fit	   with	   the	   idea	   that	   SlAN2Aft	   is	   an	  
introgression	   from	  S.	   chilense.	  On	   the	  other	  hand,	  SlAN2Aft	   can	  also	  not	  derive	   from	  the	  
SlAN2AC	  allele,	  as	  this	  has	  a	  peculiar	  insertion	  in	  a	  different	  position.	  The	  conclusion	  of	  the	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sequence	   comparison	  of	   the	   different	   alleles	   is	   that	   the	  SlAN2Aft	   allele	   has	   an	   unknown	  
origin.	  
As	   recent	   studies	   suggested	   that	   the	   amino	   acid	   substitutions	   observed	   in	  
SlANT1Aft	  could	  potentially	  affect	  the	  function	  of	  the	  protein,	  and	  explain	  (at	  least	  in	  part)	  
the	  Aft	  phenotype	  (Sapir	  et	  al.,	  2008)	  we	  also	  analysed	  in	  detail	  the	  sequence	  of	  this	  gene.	  
Surprisingly,	  the	  sequence	  that	  we	  determined	  for	  SlANT1Aft	  was	  identical	  to	  the	  sequence	  
that	  Sapir	  et	  al.	   (2008)	   reported	   -­‐incorrectly-­‐	  as	  ScANT1.	  Furthermore,	  we	   found	  several	  
differences	  between	  the	  sequence	  of	  ScANT1	   and	   the	  one	  of	  SlANT1Aft,	  which	  make	   the	  
two	  alleles	  easily	  distinguishable	  from	  each	  other	  (Figure	  1C-­‐D;	  Supplemental	  Data	  IIE).	  	  
Finally,	  also	  for	  ANT1,	  the	  observed	  sequence	  polymorphisms	  do	  not	  support	  the	  
idea	  that	  SlANT1Aft	  originates	  as	  an	  introgression	  from	  S.	  chilense.	  
	  
Phylogenetic	  analysis	  of	  the	  SlAN2	  and	  SlANT1	  genes	  from	  tomato	  and	  S.	  chilense	  
The	   alignment	   based	   on	   the	  MYB	   domains	   of	   several	   R2R3-­‐MYB	   factors	   (Supplemental	  
Data	   III)	   involved	   in	   anthocyanin	   biosynthesis	   in	   different	   species	   (using	   the	  MEGA	   4.1	  
software)	   revealed	   that	   SlANT1	   and	   SlAN2	   belong	   to	   two	   different,	   but	   very	   closely	  
related,	  clades	  (Figure	  1D)	  and	  SlANT1	  and	  SlANT1-­‐like	  are	  putative	  orthologs	  of	  AN2	  from	  
petunia,	  while	  SlAN2	  appears	  orthologous	  to	  petunia	  AN4.	  This	  suggests	  that	  SlANT1	  and	  
SlAN2	  arose	  by	  gene	  duplication	  before	  the	  last	  common	  ancestor	  of	  petunia	  and	  tomato,	  
followed	  by	  a	  second	  (later)	  duplication	  in	  the	  SlANT1	  lineage.	  	  
The	  MYB	  domains	  of	  SlANT1AC	  and	  SlANT1Aft	  group	  together,	  distant	  from	  ScANT1	  
(Figure	  1D),	  while	   	  SlAN2Aft	   and	  ScAN2	  are	  more	   related	   to	  each	  other	   than	   to	  SlAN2AC	   ,	  
although	  distances	  are	  in	  all	  cases	  very	  small.	  	  
	  	  
SlAN2	  is	  up-­‐regulated	  in	  Aft	  tomatoes.	  
To	  assess	  whether	  expression	   levels	  of	  the	  regulators	  SlAN2	  and	  SlANT1	  are	  significantly	  
different	   in	   the	   anthocyanins	   accumulating	   Aft	   line	   compared	   to	   AC,	   we	   performed	  
quantitative	   transcripts	   analysis.	   We	   analysed	   tomato	   fruits	   from	   AC	   and	   Aft	   plants	   at	  
three	  different	  stages	  of	  development	  and	  ripening	  (mature	  green,	  turning	  red,	  and	  red).	  
Anthocyanin	  quantification	  showed	  accumulation	  of	  pigments	  during	  fruit	  ripening	  in	  Aft	  
plants,	   while,	   no	   significant	   anthocyanin	   accumulation	   was	   measured	   in	   AC	   tomatoes	  
(Figure	  2A),	  or	   in	   the	   flesh	  of	   the	   fruit	   from	  both	  genotypes	  analyzed	   (data	  not	   shown),	  
consistent	  with	  previous	  results	  (Povero	  et	  al.,	  2011).	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Figure	  2.	  Anthocyanin	  production	  and	  expression	  of	  SlANT1	  and	  SlAN2	  genes	  in	  AC	  and	  Aft	  
tomatoes.	  
(A)	   Anthocyanin	   levels	   in	   tomato	   peel	   from	   AC	   and	   Aft	   fruits	   (data	   are	   means	   of	   three	  
replicates	   ±	   SD).	   For	   each	   genotype,	   anthocyanin	   levels	   were	  measured	   in	  mature	   green,	  
turning	  red	  and	  red	  stages	  of	  ripening.	  
(B)	   SlANT1	   and	   SlAN2	   mRNA	   levels	   in	   tomato	   peel	   of	   AC	   and	  Aft	   fruits	   at	  mature	   green,	  
turning	  red,	  and	  red	  stage.	  Relative	  expression	   levels	  of	  SlANT1	  and	  SlAN2	  were	  measured	  
by	  quantitative	  RT-­‐PCR.	  Data	  are	  means	  of	  three	  replicates	  ±	  SD.	  
	  
The	   transcripts	   for	   SlANT1	   and	   SlAN2	   during	   fruit	   ripening	   showed	   a	   peak	   of	  
expression	   for	  SlAN2	   and,	   to	   a	   lesser	   extent,	   for	  SlANT1	   in	  Aft	   fruits	   at	   the	   green	   stage	  
(Figure	  2B)	  while	  expression	  of	  both	  genes	  was	  negligible	  in	  AC	  peel	  (Figure	  2B)	  or	  in	  the	  
flesh	   of	   both	   genotypes	   (data	   not	   shown),	   where	   anthocyanins	   are	   not	   produced.	   We	  
could	   not	   detect	   significant	   amounts	   of	   SlANT1-­‐like	   transcripts	   in	   any	   of	   the	   samples	  
analyzed	  (data	  not	  shown).	  This	  suggests	  that	  SlANT1-­‐like	  could	  be	  a	  non-­‐functional	  gene	  
copy.	   As	   previously	   reported	   (Povero	   et	   al.,	   2011),	   SlANT1	   and	   SlAN2	   expression	   level	  
declines	  during	  the	  turning	  to	  red	  and	  red	  ripening	  phases	  (Figure	  2B).	  	  
Interestingly,	  the	  amount	  of	  SlAN2	  mRNA	  in	  Aft	  fruits	  was	  much	  higher	  than	  that	  
of	  SlANT1	   (Figure	  2B),	  suggesting	  that	  the	  SlAN2	  gene	  might	  play	  a	  more	   important	  role	  
than	  SlANT1	  in	  producing	  the	  Aft	  phenotype.	  
	  	  
Ectopic	  expression	  of	  SlAN2	  results	  in	  “deep	  purple”	  tomatoes	  	  
To	  assess	  whether	  differences	  in	  the	  protein	  sequence	  of	  SlANT1	  and	  SlAN2	  from	  AC	  and	  
the	  Aft	  lines	  could	  be	  the	  molecular	  basis	  for	  the	  Aft	  phenotype,	  we	  prepared	  expression	  
constructs	   in	  which	  the	  entire	  genomic	  fragments	  containing	  the	  coding	  sequence	  (from	  
ATG	   to	   Stop	   codon	   including	   introns)	   of	   SlAN2AC,	   SlAN2Aft,	   SlANT1AC	   and	   SlANT1Aft	   were	  
fused	  to	  the	  constitutive	  Cauliflower	  Mosaic	  Virus	  35S	  promoter.	  All	  four	  these	  constructs	  
were	  transformed	  in	  AC	  plants	  via	  Agrobacterium-­‐mediated	  transformation.	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We	   obtained	   12	   independent	   transgenics	   for	   the	   35S:SlAN2AC	   construct,	   14	  
transgenics	   for	   35S:SlAN2Aft,	   11	   for	   the	   35S:SlANT1AC	   and	   13	   for	   the	   35S:SlANT1Aft	  
constructs.	   In	   all	   the	   transgenic	   lines	   anthocyanin	   synthesis	   was	   enhanced,	   resulting	   in	  
strong	  pigmentation	  in	  vegetative	  organs	  (stems,	  leaves,	  roots;	  Figures	  3A-­‐B	  and	  5A)	  and	  
flowers	  (Figures	  3C	  and	  5A).	  	  
In	  fruits,	  intense	  and	  homogeneous	  pigmentation	  was	  observed	  both	  in	  the	  peel	  
and	   in	   the	   flesh.	   Purple	   anthocyanins	   were	   easily	   visible	   during	   the	   “green”	   stage	   of	  
development	  (Figures	  4A-­‐B	  and	  5A).	  At	  later	  stages,	  the	  increase	  in	  carotenoids	  gave	  rise	  
to	   a	   “red/black”	   colour	   either	   in	   the	   skin	   or	   in	   the	   flesh	   of	   the	   fruit	   (Figure	   4B).	  
Furthermore,	   synthesis	   of	   anthocyanins	   was	   also	   enhanced	   in	   the	   embryos	   within	   the	  
seeds	  of	  these	  transgenic	  tomatoes	  (Figure	  4B).	  	  
In	   conclusion,	   SlAN2	   ectopic	   expression	   in	   tomato	   results	   in	   “deep	   purple”	  
anthocyanin	   pigmentation	   in	   vegetative	   and	   reproductive	   tissues	   as	  well	   as	   at	   different	  
developmental	   stages.	   Both	   35S:SlAN2AC	   and	   35S:SlAN2Aft	   induced	   a	   significant	  
overproduction	   of	   anthocyanins	   in	   transgenic	   tomato	   plants.	   This	   suggests	   that	   both	  
proteins	  encoded	  by	  these	  two	  genes	  are	  equally	  functional	  despite	  their	  polymorphisms	  
in	   amino	   acid	   sequences	   and	   in	   the	   sequence	   of	   the	   second	   intron	   (Figure	   1B-­‐C,	  
Supplemental	   Data	   IIA).	   Therefore,	   it	   is	   unlikely	   that	   either	   the	   insertion	   in	   the	   second	  
intron	  of	  SlAN2AC	   or	   the	   substitutions	   in	   the	   encoded	  protein	   suppresses	   the	   activity	   of	  
this	  allele	  gene	  compared	  to	  SlAN2Aft.	  	  
The	  molecular	  and	  phenotypic	  analyses	  of	  35S:SlANT1AC	  and	  35S:SlANT1Aft	  are	  
still	   underway,	   but	   preliminary	   observations	   (Figure	   5B)	   indicate	   that	   there	   are	   no	  
strong	  differences	  in	  the	  effect	  of	  the	  two	  alleles	  in	  driving	  anthocyanin	  accumulation	  
when	   these	   are	   expressed	   from	   the	   CaMV35S	   promoter.	   Taken	   together,	   these	  
experimental	  results	  indicate	  that	  the	  SlAN2	  and	  SlANT1	  proteins	  from	  the	  AC	  and	  the	  
Aft	   lines	   do	   not	   exhibit	   clear	   differences	   in	   activity	   and	   that	   if	   the	   different	  
pigmentation	  patterns	  of	  the	  two	  genotypes	  has	  to	  be	  ascribed	  to	  one	  or	  both	  these	  
genes,	   it	  must	   originate	   from	  differences	   in	   their	   regulatory	   regions	   as	   the	   encoded	  
proteins	  are	  functionally	  very	  similar.	  
	  
	  
Ectopic	   expression	   of	   SlAN2	   is	   sufficient	   for	   ectopic	   expression	   of	   SlANT1	   and	   the	  
HLH	  gene	  	  SlAN1	  
It	   has	   been	   shown	   for	   several	   species	   that	   activation	  of	   anthocyanin	   structural	   genes	   is	  
dependent	  on	   the	  combination	  of	  a	  WDR,	  a	  MYB	  and	  a	  bHLH	  factors	   (Koes	  et	  al.,	  2005)	  
and	   that	   the	   ectopic	   expression	   of	   both	   the	   MYB	   and	   bHLH	   factors	   is	   necessary	   and	  
sufficient	   for	   ectopic	   anthocyanin	   synthesis	   (see	   chapter	  2).	  Hence	   it	   is	   remarkable	   that	  
the	  ectopic	  expression	  of	  only	  the	  MYB	  protein	  SlAN2	  or	  SlANT1	  is	  sufficient	  to	  induce	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Figure	   3.	   Strong	   anthocyanin	   pigmentation	   in	   vegetative	   tissues	   and	   flowers	   of	   plants	  
overexpressing	  SlAN2AC	  and	  SlAN2Aft.	  	  	  
(A)	   Comparison	   of	   vegetative	   tissues	   from	  AC	   and	   transgenic	   tomato	   plants.	   Transformed	  
leaves	   and	   stems	   show	   a	   homogeneous	   dark	   colouration,	   and	   even	   roots	   are	   red	   under	  
normal	  growth	  conditions.	  	  	  
(B)	   Pictures	   of	   the	   upper	   and	   abaxial	   sides	   of	   wild	   type	   and	   transgenic	   leaves.	   Purple	  
anthocyanins	  are	  visible	  on	  both	  sides	  of	  the	  leaves	  expressing	  35S:SlAN2AC	  and	  35S:SlAN2Aft.	  
(C)	  Pigmentation	  of	  transgenic	  flowers.	  Reddish-­‐purple	  pigmentation	  in	  transgenic	  anthers	  is	  
shown,	   whereas	   normal	   yellow	   pigmentation	   can	   be	   observed	   in	   transgenic	   petals	   (see	  
“overview”	  and	  “stage	  2”	  rows).	  However,	  at	  stage	  1,	  some	  anthocyanin	  pigmentation	  can	  
be	  observed	  even	  in	  petals.	  	  
	  
	  
anthocyanin	   synthesis	   in	   the	   fruits	   (Figures	   4A-­‐B	   and	   5A;	  Mathews	   et	   al.,	   2003),	   while	  
expression	   of	   the	   bHLH	   anthocyanin	   activator	   DELILA	   is	   not	   (Mooney	   et	   al.,	   1995).	   To	  
assess	   whether	   SlAN2	   activates	   the	   expression	   of	   its	   bHLH	   and/or	   WD40	   partner,	   we	  
identified	   the	   tomato	  homologs	  of	   the	  bHLH	  genes	  AN1	   and	   JAF13	   and	   the	  WD40	  gene	  
AN11	   of	   petunia,	   and	   analysed	   their	   expression	   in	   the	   transgenic	   35S:SlAN2AC	   and	  
35S:SlAN2Aft	  tomato	  lines.	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Figure	  4.	  Tomatoes	  transformed	  with	  the	  constructs	  35S:SlAN2AC	  or	  35S:SlAN2Aft,	  and	  analysis	  of	  
the	  expression	  of	  different	  genes	  in	  these	  transgenic	  plants.	  	  	  
(A)	  “Deep	  purple”	  phenotype	  of	  35S:SlAN2AC	  and	  35S:SlAN2Aft	  tomatoes	  harvested	  at	  the	  green	  
stage	  of	  ripening	  (plants	  were	  grown	  at	  normal	  greenhouse	  conditions).	  	  
(B)	  Phenotype	  of	  35S:SlAN2AC	  and	  35S:SlAN2Aft	  tomatoes	  harvested	  at	  the	  green	  and	  red	  stages	  
of	   ripening.	  Purple/black	  anthocyanins	  are	  visible,	  even	   in	   the	   flesh	  of	   fruits	  and	   in	   transgenic	  
embryos.	  
(C)	   Analysis	   of	   expression	   of	   genes	   encoding	   MYB	   (SlAN2	   and	   SlANT1),	   bHLH	   (SlAN1	   and	  
SlJAF13),	   and	  WD40	   (SlAN11)	   anthocyanin	   regulators,	   together	   with	   DFR,	   a	   late	   anthocyanin	  
biosynthetic	  gene.	  Relative	  expression	  levels,	  measured	  by	  quantitative	  RT-­‐PCR	  in	  leaves,	  petals,	  
anthers,	  fruit	  peel,	  and	  fruit	  flesh	  are	  shown.	  Data	  are	  means	  of	  three	  replicates	  ±	  SD.	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Figure	  5.	  Preliminary	  phenotypic	  analyses	  of	  distinct	  tomato	  transgenic	  lines.	  
(A)	   Pictures	   of	   AC	   plants	   transformed	   with	   35S:SlANT1AC	   and	   35S:SlANT1Aft.	   Both	   the	  
transgenes	  can	  activate	  anthocyanin	  biosynthesis	   in	  different	  organs,	   including	  roots,	  fruits	  
(where	  purple	  “anthocyanin	  spots”	  can	  be	  observed),	  anthers	  and	  leaves.	  	  
(B)	   Vegetative	   tissues	   of	   atv	   plants	   transformed	   with	   AN2Afttransgene	   showing	   typical	  
intense	  pigmentation,	  as	  described	  for	  the	  atv	  genotype.	  	  
	  
As	  expected	  SlAN2	  mRNA	   is	  expressed	   in	  all	  parts	  of	   these	   transgenic	  plants	   (Figure	  4C)	  
confirming	  that	  the	  transgene	  is	   (constitutively)	  expressed,	  consistent	  with	  the	  observed	  
increased	  pigmentation	  (Figure	  4A-­‐B).	  However,	  the	  relative	   level	  of	  SlAN2	  expression	   in	  
independent	   35S:SlAN2AC	   and	   35S:SlAN2Aft	   transformants	   displayed	   some	   quantitative	  
differences,	   presumably	   due	   to	   the	   different	   insertion	   sites	   of	   the	   transgenes.	   Related	  
variation	   in	   expression	   is	   observed	   for	   DFR,	   which	   is	   however	   highly	   expressed	   in	   all	  
transgenic	   samples,	   as	   compared	   to	   the	   same	   tissues	   in	   control	   AC	   plants	   lacking	   the	  
transgene.	  
Interestingly,	  also	  the	  mRNA	  levels	  of	  the	  MYB	  gene	  SlANT1	  and	  the	  bHLH	  gene	  
SlAN1	   are	   increased	   by	   the	   ectopic	   expression	   of	   SlAN2.	   This	   would	   suggest	   a	   role	   of	  
“master	  gene”	  for	  SlAN2,	  as	  activator	  of	  other	  anthocyanin	  regulators	  (Figure	  4C),	  which	  
might	   have	   interesting	   applications	   as	   it	   indicates	   that	   ectopic	   expression	   of	   a	   (certain)	  
MYB	  alone	  can	  be	  sufficient	  to	  drive	  accumulation	  of	  anthocyanins	  in	  all	  parts	  of	  the	  plant.	  
Finally,	   SlJAF13	   and	   SlAN11	   were	   expressed	   in	   all	   tissues	   of	   untransformed	   AC	  
plants	   that	   we	   analysed	   and	   their	   expression	   was	   not	   clearly	   enhanced	   by	   ectopic	  
expression	   of	  SlAN2.	   The	  wide	   expression	   pattern	   of	  SlAN11	   in	   tomato	   parallels	   that	   of	  
AN11	  in	  petunia	  (deVetten	  et	  al.,	  1997)	  indicating	  that	  also	  in	  tomato	  it	  is	  not	  the	  limiting	  
factor	  that	  determines	  the	  pattern	  of	  pigmentation.	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Figure	   6.	   Phenotype	   and	   expression	   analyses	   of	   plants	   transformed	   with	   the	   construct	  
AN2Afttransgene.	  	  
(A)	  “Anthocyanin	  fruit-­‐like”	  (Aft-­‐like)	  phenotype	  of	  AN2Afttransgene	  tomato	  fruits	  harvested	  
at	  the	  green	  and	  turning	  red	  stage	  of	  ripening,	  compared	  to	  untransformed	  AC	  control	  and	  
Aft	  tomatoes.	  	  
(B)	  Expression	   analysis	   of	   genes	   encoding	   selected	  MYB	   (SlAN2	   and	  SlANT1),	   bHLH	   (SlAN1	  
and	  SlJAF13),	  WD40	  (SlAN11),	  all	  putative	  regulators	  of	  anthocyanin	  biosynthesis	  in	  tomato,	  
and	  DFR,	  a	  late	  anthocyanin	  biosynthetic	  gene.	  Relative	  expression	  levels	  were	  measured	  by	  
quantitative	  RT-­‐PCR	  in	  leaves	  and	  fruit	  peel.	  Data	  are	  means	  of	  three	  replicates	  ±	  SD.	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  Transfer	   of	   a	   genomic	   fragment	   containing	   SlAN2Aft	   gene	   restores	   the	   “Anthocyanin	  
fruit”	  phenotype	  in	  AC	  tomatoes	  
As	  we	  did	  not	  find	  functional	  differences	  in	  the	  proteins	  encoded	  by	  SlAN2AC	  and	  SlAN2Aft	  
genes	   that	   could	   account	   for	   the	   enhanced	   expression	   of	   SlAN2Aft,	   we	   considered	   the	  
possibility	  that	  this	  results	  from	  differences	  in	  promoter	  activity.	  Such	  a	  promoter	  activity	  
might	  stem	  from	  cis-­‐regulatory	  changes	  in	  the	  SlAN2	  promoter,	  or	  from	  increased	  activity	  
of	   an	   upstream	   trans-­‐acting	   factor.	   To	   gain	   more	   insight	   on	   this,	   we	   carried	   out	   a	  
functional	   complementation	   experiment.	   A	   genomic	   fragment	   containing	   the	   entire	  
SlAN2Aft	  gene	  including	  ~2.4	  kb	  sequence	  upstream	  the	  ATG	  was	  cloned	  in	  a	  T-­‐DNA	  vector	  
then	  introduced	  into	  Alisa	  Graig	  via	  Agrobacterium.	  	  
We	   obtained	   12	   transgenic	   AC	   plants	   containing	   the	   AN2Aft	   transgene	   and	   5	   of	   them	  
displayed	   an	   “Aft-­‐like	   phenotype”,	   with	   purple	   spots	   visible	   in	   the	   peel	   of	   the	   fruit,	  
especially	  at	  green	  stage	  (Figure	  6A),	  and	  on	  the	  stem	  (Figure	  6B).	  
To	  confirm	  that	   this	  phenotype	   is	  due	   to	   the	  expression	  of	   the	  SlAN2Aft	   allele	   in	  
the	  AC	  background,	   to	  dissect	   the	  effects	  of	   the	   transgene,	  and	   to	  confirm	  activation	  of	  
other	  transcription	  factors	  of	  the	  MYB/bHLH/WD40	  complex,	  we	  analysed	  the	  expression	  
of	  SlAN2,	  SlANT1,	  DFR,	  and	  the	  putative	  bHLH	  and	  WD40	  regulators	  SlAN1,	  SlJAF13,	  and	  
SlAN11.	  We	  assessed	  the	  expression	   levels	  of	  these	  genes	   in	   leaves	  and	  fruit	  peel	  of	  the	  
transgenic	  plants	  and	  control	  plants	  lacking	  the	  transgene	  grown	  side	  by	  side.	  This	  showed	  
that	  the	  expression	  of	  SlAN2	  mRNA	  was	  5-­‐10	  fold	  increased	  in	  leaves,	  petals,	  anthers	  and	  
the	   peel	   and	   flesh	   of	   fruits	   of	   transgenic	   AC	   plants	   containing	   SlAN2Aft	   as	   compared	   to	  
control	  AC	  plants	   lacking	  the	  transgene	  and	  even	  higher	   than	   in	   the	  Aft	   line	   (Figure	  6C).	  
Because	   the	  expression	   levels	  of	  SlAN2Aft	   in	   transgenic	  AC	  and	  untransformed	  Aft	  plants	  
were	  both	  so	  much	  higher	  than	  in	  control	  AC	  plants	  (5-­‐10	  fold	  and	  3-­‐5	  fold	  respectively),	  
we	   believe	   that	   this	   difference	   is	   most	   likely	   of	   minor	   importance.	   Strikingly,	   the	  
introduction	  of	  the	  SlAN2Aft	  allele	  in	  AC,	  strongly	  enhanced	  the	  expression	  of	  DFR,	  SlANT1,	  
and	  SlAN1	   in	   transgenic	   fruits	   (peel),	   and	   in	   leaves	   (Figure	  6C),	  which	   is	   in	   line	  with	   the	  
data	  obtained	  from	  35S:SlAN2	  plants	  (Figure	  4C).	  	  
These	   results	   show	   that	   SlAN2Aft	   plays	   a	   major	   role	   in	   specifying	   the	   Aft	  
phenotype,	  although	  do	  not	  exclude	  a	  contribution	  for	  other	  factors	  in	  the	  genome	  of	  the	  
Aft	   line.	   The	   study	   of	   the	   effect	   of	   the	   SlAN2Aft	   transgene	   shows	   that	   the	   “Aft-­‐like”	  
phenotype	   conferred	   is	   associated	   with	   differences	   in	   the	   strength	   and/or	   pattern	   of	  
SlAN2Aft	  expression,	  as	  compared	  to	  SlAN2AC,	  which	  are	  at	  least	  in	  part	  due	  to	  differences	  
in	   cis-­‐regulatory	   elements	   of	   the	   SlAN2Aft	   and	   SlAN2AC	   alleles.	   Hence,	   the	   distinct	  
pigmentation	  patterns	  of	   the	  Aft	  and	  AC	   lines	  are	  at	   least	   in	  part	  due	  differences	   in	  cis-­‐
regulatory	  elements	  of	  the	  SlAN2Aft	  and	  SlAN2AC	  alleles.	  
Despite	   numerous	   attempts,	   we	   were	   not	   able	   to	   produce	   a	   similar	   construct	  
containing	   the	   SlAN2AC	   allele,	   to	   use	   as	   a	   control,	   because	   we	   could	   not	   amplify	   the	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complete	   5’	   flanking	   region	   of	   this	   gene.	   We	   could,	   however,	   amplify	   and	   sequence	  
overlapping	   small	   fragments	   of	   the	   promoter	   from	   the	   SlAN2AC	   allele	   (Figure	   7).	   A	  
comparison	  of	  the	  sequences	  obtained	  for	  the	  promoters	  AN2AC	  and	  AN2Aft	  revealed	  many	  
sequence	   polymorphisms	   (Supplemental	   Data	   IVA),	   similar	   to	   the	   number	   of	  
polymorphisms	   in	   the	   SlANT1	   promoters	   from	   these	   tomato	   lines	   (Supplemental	   Data	  
IVB).	  The	  AN2AC	  promoter	  sequence	  that	  we	   inferred	   in	  this	  way	  was	   identical	   to	  that	   in	  
the	   (draft)	   genome	   sequence	   of	   the	   cultivar	   Heinze.	   However,	   these	   sequences	   do	   not	  
suggest	   an	   explanation	   as	   to	   why	   the	   2.5	   kb	   SlAN2	   5’	   upstream	   sequence	   cannot	   be	  
amplified	  in	  once	  piece	  from	  either	  Heinz	  or	  AC.	  Hence,	  it	  is	  possible	  that	  these	  genomic	  
regions	  contain	  some	  structure(s),	  like	  direct	  or	  inverted	  repeats,	  that	  block	  amplification	  
of	  the	  entire	  promoter	  in	  one	  amplicon,	  and	  the	  same	  time	  cause	  miss-­‐assembly	  of	  partial	  
sequences.	  
	  
Does	   the	   introduction	   of	   AN2Afttrangene	   in	   atv	   plants	   results	   in	   the	   “SunBlack”	  
phenotype?	  
The	  recessive	  tomato	  atv	  phenotype	  consists	  in	  very	  intense	  anthocyanin	  pigmentation	  in	  
the	   vegetative	   plant	   parts	   as	   consequence	   of	   exposure	   to	   light.	   Because	   atv	   Aft	   lines	  
display	   a	   synergistic	   effect	   on	   the	   anthocyanin	   pathway	   resulting	   in	   the	   so	   called	  
“SunBlack”	  phenotype	  (strongly	  pigmented	  fruits),	  we	  introduced	  the	  AN2Aft	  allele	  into	  atv	  
tomato	   plants	   by	  Agrobacterium-­‐mediated	   transformation	   ,	   to	   test	   whether	   this	   would	  
result	   in	  SunBlack	   tomatoes.	   The	  plants	  are	  at	   the	  moment	   still	   in	   the	  vegetative	  phase	  
and	   they	   show	   the	   typical	   intense	   pigmentation	   of	   the	   stem	   described	   for	   the	   atv	  
genotype	  (Figure	  5B).	  It	  is	  necessary	  to	  wait	  for	  the	  production	  of	  fruit	  to	  see	  if	  these	  will	  
be	  “SunBlack-­‐like”.	  
	  
	  
Discussion	  
Anthocyanins	   and	  other	   flavonoids	  have	  been	   shown	   to	  have	  a	  health-­‐promoting	  effect	  
on	   animals	   and	   humans	   when	   present	   in	   the	   diet	   in	   relatively	   high	   amounts.	  
Unfortunately,	  most	  of	  the	  fruit	  and	  vegetables	  in	  our	  daily	  diet	  are	  rather	  poor	  in	  these	  
compounds,	  and	  this	  makes	  it	  interesting	  to	  unravel	  the	  genetic	  mechanisms	  at	  the	  basis	  
of	  high	  anthocyanin	  accumulation	  in	  specific	  varieties	  of	  crops.	  
Anthocyanin	  pigments	  are	  normally	  absent	  from	  the	  fruits	  of	  cultivated	  tomatoes,	  where	  
the	   red	   colour	   at	   ripening	   stage	   is	   due	   to	   the	   presence	   of	   carotenoids.	   Only	   some	  
accessions,	   such	   as	   “Anthocyanin	   fruit”	   (named	   Aft	   in	   this	   study),	   can	   accumulate	  
anthocyanins	  in	  the	  skin	  of	  the	  fruit.	  Here	  we	  show	  that	  the	  Aft	  phenotype	  is,	  at	  least	  in	  
part,	  due	  to	  alteration	  in	  SlAN2	  and	  that	  this	  gene	  encodes	  a	  MYB	  protein	  that	  is	  sufficient	  
to	  activate	  anthocyanin	  synthesis	  in	  a	  variety	  of	  tissues.	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It	  was	  already	  known	  that	  both	  SlANT1	  and	  SlAN2	  map	  on	  chromosome	  10	   (De	  
Jong	  et	  al.,	  2004;	  Boches	  and	  Myers,	  2007;	  Sapir	  et	  al.,	  2008)	  and	  that	  polymorphisms	  in	  
these	  two	  genes	  co-­‐segregate	  with	  the	  Aft	  locus.	  We	  showed	  that	  both	  genes	  are	  part	  of	  a	  
~10	   kb	   genomic	   region	   together	   with	   a	   third	   gene,	   SlANT1-­‐like,	   that	   encodes	   a	   MYB	  
protein	  with	  high	  similarity	   to	  SlANT1,	  but	  which	  seems	  not	   to	  be	  expressed	   (at	   least	   in	  
the	  tissues	  we	  analyzed).	  Most-­‐likely	  these	  highly	  similar	  and	  contiguous	  genes	  originated	  
from	   duplication	   events.	   SlANT1	   and	   SlAN2	   belong	   to	   separate	   phylogenetic	   clades,	  
SlANT1	  being	  more	  closely	  related	  to	  the	  petunia	  regulator	  of	  anthocyanin	  accumulation	  
in	  anthers	  PhAN4	  (Povero	  et	  al.,	  in	  preparation;	  chapter	  6)	  whereas	  SlAN2	  is	  more	  similar	  
to	  PhAN2,	   involved	   in	   anthocyanin	   production	   in	   petunia	   petals.	   This	   suggests	   that	   the	  
duplication	  that	  gave	  rise	  to	  these	  genes	  occurred	  before	  the	  tomato	  and	  petunia	  lineages	  
diverged.	  	  
Previous	   studies	   had	   shown	   that	   anthocyanin	   or	   flavonoid	   accumulation	   in	  
different	  plant	  parts	  in	  tomato	  is	  induced	  by	  ectopic	  expression	  of	  genes	  encoding	  specific	  
endogenous	   or	   exogenous	   MYB	   transcription	   factors,	   such	   as	   SlANT1	   (Mathews	   et	   al.,	  
2003)	  and	  AtMYB75/PAP1	  from	  Arabidopsis	  thaliana	  (Zuluaga	  et	  al.,	  2008).	  However,	  the	  
effect	   in	   the	   fruit	   was	   generally	   limited	   to	   weak/spotted	   colouration.	   Only	   the	  
simultaneous	   overexpression	   of	   the	  MYB	   and	   bHLH	   anthocyanin	   regulators	   encoded	   by	  
ROSEA	   and	  DELILA	   from	  Anthirrinum	   resulted	   in	   a	   sustained	   anthocyanin	   production	   in	  
tomato	   fruits	   (Butelli	   et	   al.,	   2008),	   while	   expression	   of	   DELILA	   alone	   did	   only	   enhance	  
pigmentation	  in	  some	  vegetative	  tissues	  but	  not	  in	  the	  fruit	  (Mooney	  et	  al.,	  1995).	  	  
These	  findings	  are	   in	   line	  with	  results	   in	  a	  variety	  of	  other	  species	  showing	  that	  
the	  ectopic	  activation	  of	  structural	  anthocyanin	  genes	  requires	  the	  co-­‐expression	  of	  both	  
the	  MYB	  and	  bHLH	  factor.	  Ectopic	  expression	  of	  the	  WD40	  protein	  from	  a	  transgene	  is	  not	  
necessary	  as	  the	  encoding	  genes	  in	  petunia	  (AN11)	  and	  Arabidopsis	  (TTG1)	  are	  expressed	  
in	  virtually	  all	  tissues.	  
In	  petunia	  (a	  Solanacea	  like	  tomato),	  the	  MYB	  factor	  (PhAN2	  in	  petals	  and	  PhAN4	  
in	  anthers)	  interacts	  with	  two	  different	  bHLH	  transcription	  factors	  encoded	  by	  PhAN1	  and	  
PhJAF13	   to	   induce	   transcription	   of	   anthocyanin	   genes.	   In	   petunia	   the	   constitutive	  
expression	   either	   AN2	   or	   AN4,	   is	   sufficient	   for	   ectopic	   activation	   of	   the	   anthocyanin	  
pathway,	  because	  AN2	  and	  AN4	  activate	  transcription	  of	  the	  bHLH	  gene	  AN1	  in	  any	  plant	  
tissue	  	  (Spelt	  et	  al.,	  2000;	  chapter	  6).	  
In	  tomato,	  a	  similar	  mechanism	  of	  regulation	  can	  be	  envisaged	  as	  we	  can	  find	  all	  
the	  orthologs	  of	  the	  mentioned	  petunia	  genes	  in	  the	  tomato	  genome.	  SlANT1	  and	  SlAN2	  
are	  homologous	  to	  PhAN4	  and	  PhAN2,	  and	  we	  also	  identified	  tomato	  orthologs	  of	  PhAN1,	  
PhJAF13,	   and	  PhAN11.	   In	  a	   similar	  way	   the	   tomato	  bHLH	  gene	  SlAN1	   can	  be	  ectopically	  
activated	  by	  constitutive	  expression	  of	  the	  SlANT1	  and	  SlAN2	  alleles	  from	  either	  AC	  or	  the	  
Aft	   line.	  This,	  together	  with	  the	  capability	  of	  SlAN2	  to	  induce	  also	  the	  other	  tomato	  MYB	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gene	   SlANT1,	   suggests	   that	   SlAN2	   acts	   as	   a	   master	   regulator	   of	   the	   pathway	   and	   can	  
explain	   why	   constitutive	   expression	   of	   the	   MYB	   factor	   alone	   is	   sufficient	   for	   ectopic	  
activation	   of	   the	   anthocyanin	   pathway	   making	   it	   a	   good	   candidate	   for	   the	   Aft	   locus.	  
Moreover,	  this	  finding	  has	  important	  implications	  for	  the	  production	  of	  anthocyanin	  rich	  
tomato	  fruits,	  as	  the	  up-­‐regulation	  of	  this	  single	  gene	  is	  sufficient	  to	  reach	  the	  goal.	  	  
In	   AC	   plants	   expressing	   the	   AN2Afttransgene,	   the	   fruits	   show	   a	   partial	  
complementation,	   of	   the	  Aft	   phenotype.	   An	   accurate	   analysis	   of	   the	   phenotype	   reveals	  
that	   in	   the	   Aft	   line,	   anthocyanin	   spots	   were	   more	   visible	   and	   widespread	   than	   in	   the	  
transgenic	  phenocopy.	  Two	  factors,	  which	  are	  not	  mutually	  exclusive,	  can	  explain	  why	  the	  
transgenic	  plants	  do	  not	   completely	  phenocopy	   the	  Aft	   line.	   Fist,	   the	  genomic	   fragment	  
used	   for	   the	   complementation	  may	   lack	   some	   regulatory	   elements	   required	   for	   the	   full	  
complementation	  of	  the	  Aft	  phenotype.	  Second,	  since	  the	  genetic	  background	  of	  the	  Aft	  
line	  is	  unknown,	  and	  isogenic	  control	  lines	  for	  Aft	  mutation	  are	  not	  available	  among	  the	  S.	  
lycopersicum	  varieties,	  we	  chose	  the	  cv.	  AC	  as	  host	  for	  our	  transformation	  studies.	  Hence	  
unknown	   factors	   in	   the	   AC	   and	   Aft	   genetic	   background	   might	   be	   responsible	   for	   the	  
different	   phenotypes.	   For	   example	   the	   Aft	   line	   is	   known	   to	   have	   a	   high-­‐photoperiod	  
response,	  which	  might	  have	  an	  enhancing	  effect	  on	  the	  level	  of	  anthocyanins.	  As	  AC	  has	  
normal	   photoresponsiveness,	   this	   might	   explain	   why	   introduction	   of	   the	   SlAN2Aft	  
transgene	  has	  a	  weaker	  phenotype.	  
The	  poor	  definition	  of	  the	  background	  of	  the	  line	  harbouring	  the	  Aft	  mutation,	  is	  
a	  consequence	  of	  the	  unclear	  origin	  of	  the	  Aft	   locus	   itself.	  Although	  a	  number	  of	  papers	  
suggest	  that	  the	  Aft	   locus	  was	  introgressed	  from	  S.	  chilense,	  a	  conclusive	  documentation	  
of	  the	  origin	  of	  the	  Aft	  line	  is	  missing.	  	  	  
The	   analysis	   of	   the	   polymorphisms	   in	   the	   SlANT1	   and	   SlAN2	   genes,	  which	   co-­‐
segregate	   with	   the	   Aft	   locus,	   do	   not	   support	   the	   hypothesis	   of	   its	   origin	   from	   the	   S.	  
chilense	  genome.	  The	  second	   intron	  of	   the	  SlAN2	  gene,	   for	   instance,	  contains	  numerous	  
polymorphisms,	  including	  the	  insertion	  of	  a	  putative	  ancient	  transposon	  in	  the	  S.	  chilense	  
allele	   that	   is	   neither	   present	   in	   the	   AC	   allele	   (which	   contains	   instead	   a	   very	   different	  
insertion	  at	  another	  position)	  nor	  in	  the	  Aft	  allele.	  The	  only	  document	  which	  reports	  the	  
interspecific	   cross	   of	   S.lycopersicum	   and	   S.	   chilense	   is	   a	   “Report	   of	   the	   tomato	   genetic	  
cooperative”	   (Georgiev,	   1972),	  while	   there	   are	   no	   records	   about	   the	   breeding	   program	  
that	   has	   followed.	   Therefore	   the	   origin	   of	   the	   chromosomal	   fragment	   containing	   these	  
two	  genes	  (and	  most	  probably	  the	  Aft	  locus)	  remains	  unclear.	  
The	  analyses	  of	   the	   transgenic	   lines	  harbouring	   the	  ANT1Afttransgene	   as	  well	  as	  
those	   transformed	   with	   the	   combination	   of	   ANT1Afttransgene	   and	   AN2Afttransgene	   will	  
give	  a	  final	  answer	  about	  the	  role	  of	  these	  two	  genes	  in	  the	  Aft	  phenotype.	  However,	  the	  
fact	  that	  the	  expression	  of	  SlAN2Aft	  is	  sufficient	  to	  induce	  the	  expression	  of	  SlANT1	  also	  in	  
the	   AC	   background,	   already	   indicates	   that	   no	   specific	   differences	   in	   the	   promoter	   of	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SlANT1	   between	   the	   AC	   and	   the	   Aft	   alleles	   can	   be	   responsible	   for	   the	   differences	   in	  
expression	   level,	   and	   rather	  points	   towards	   the	  high	  expression	  of	   the	  SlAN2Aft	   allele	  as	  
responsible	   for	   a	   cascade	   of	   gene	   expression	   leading	   to	   anthocyanin	   accumulation	   in	  
tissues	  where	  this	  is	  generally	  not	  occurring	  (e.g.	  in	  fruits).	  
The	   data	   we	   will	   get	   from	   the	   atv	   transgenics	   harbouring	   the	  AN2Afttransgene	  
construct,	  will	  not	  only	  help	  to	  further	  understand	  the	  effect	  of	  SlAN2	   in	  the	  “SunBlack”	  
tomato	  phenotype,	  will	  possibly	  also	  open	  the	  way	  to	  unravel	  the	  mechanism	  of	  action	  of	  
the	  atv	  locus.	  
	  
	  
Material	  and	  methods	  
	  
Plant	  material	  	  
Ailsa	   Craig	   (AC;	   accession	   number	   LA2838A),	   Aft	   (accession	   number	   LA1996),	   and	   S.	  
chilense	   (accession	   number	   LA1969)	   seeds	   were	   provided	   by	   the	   Tomato	   Genetic	  
Resource	  Center	   (TGRC,	  University	   of	   California,	  Davis).	   Since	  near	   isogenic	   lines	   for	  Aft	  
were	  not	  available	  among	  the	  S.	  lycopersicum	  varieties,	  we	  chose	  the	  cv.	  AC	  as	  a	  control	  
tomato	   line	   for	   our	   analyses.	   We	   also	   considered	   other	   parameters,	   such	   as	   the	  
morphology	   of	   the	   plant	   and	   the	   fruit,	   the	   size	   of	  mature	   tomatoes,	   and	   their	   ripening	  
time	  (time	  from	  anthesis	  to	  different	  ripening	  stages).	  All	  of	  these	  characteristics	  are	  quite	  
similar	  between	  AC	  and	  Aft,	  creating	  conditions	  to	  perform	  valid	  comparisons.	  
Plants	  were	  grown	  under	  normal	  greenhouse	  conditions	  (16	  hours	  light,	  8	  hours	  
dark,	   maximum	   temperature	   30°C,	   minimum	   20°C).	   Tomato	   plants	   from	   the	   different	  
accessions	  were	  grown	  side	  by	  side.	  Fruits	  were	  collected	  at	  mature	  green	  (corresponding	  
to	  40	  DPA	  for	  AC	  and	  44	  DPA	  for	  Aft),	  turning	  red	  (49	  DPA	  for	  AC	  and	  54	  DPA	  for	  Aft),	  and	  
red	  (60	  DPA	  for	  AC	  and	  64	  DPA	  for	  Aft)	  stages	  of	  development	  and	  ripening.	  These	  stages	  
correspond	   to	  mature	   green,	   breaker	   and	   red	   ripe,	   respectively,	   in	   the	   classification	   of	  
(Giovannoni,	   2004).	   At	   each	   of	   the	   three	   stages	   of	   development,	   a	   single	   fruit	   was	  
harvested	  and	  equal	  peel	  samples	  were	  removed	  with	  a	  scalpel	  from	  each	  fruit.	  A	  total	  of	  
three	   harvests	   taken	   from	   each	   genotype	   were	   analyzed,	   each	   harvest	   representing	   a	  
biological	  replicate.	  
	  
Sources	  of	  the	  sequences	  utilized	  for	  the	  phylogenetic	  three	  
For	   the	   construction	   of	   the	   phylogenetic	   tree	  we	   used	   the	  MYB	   domain	   portion	   of	   the	  
following	   sequences	   taken	   from	   these	   sources:	   SlANT1AC	   GenBank	   accession	   number	  
AAQ55181.1	   (Mathews	   et	   al.,	   2003).	   SlANT1Aft	   GenBank	   accession	   number	   ABO26065.1	  
(Sapir	  et	  al.,	  2008).	  ScANT1	  (this	  study).	  SlANT1-­‐like	  (this	  study).	  StAN1	  GenBank	  accession	  
number	  AAX53089.1	  (Jung	  et	  al.,	  2009).	  PhAN4	  GenBank	  accession	  number	  ADQ00392.1	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(chapter	   6).	   StAN2	   GenBank	   accession	   number	   AAX53091.1	   (Jung	   et	   al.,	   2009).	   SlAN2AC	  
(this	   study),	   SlAN2Aft	   (this	   study),	   ScAN2	   (this	   study).	  CaAN2	  GenBank	  accession	  number	  
CAE75745.1	   (Borovsky	   et	   al.,	   2004).	   PhAN2	   GenBank	   accession	   number	   ABO21074.1	  
(Quattrocchio	  et	  al.,	  1999).	  NtAN2	  GenBank	  accession	  number	  ACO52470.1	  (Pattanaik	  et	  
al.,	   2010).	   VvMYBA1	   GenBank	   accession	   number	   XP_002265406.1	   (predicted	   by	  
automated	   computational	   analysis).	   VvMYBA2	   GenBank	   accession	   number	   BAD18978.1	  
(Kobayashi	  et	  al.,	  2004).	  VvMYBA3	  GenBank	  accession	  number	  BAD18979.1	  (Kobayashi	  et	  
al.,	   2004).	   AmVENOSA	   GenBank	   accession	   number	   ABB83828.1	   (Schwinn	   et	   al.,	   2006).	  
AmROSEA1	   GenBank	   accession	   number	   ABB83826.1	   (Schwinn	   et	   al.,	   2006).	   AmROSEA2	  
GenBank	   accession	   number	   ABB83827.1	   (Schwinn	   et	   al.,	   2006).	   AtPAP1	   GenBank	  
accession	  number	  AAG42001.1	  (Borevitz	  et	  al.,	  2000).	  AtPAP2	  GenBank	  accession	  number	  
AAG42002.1	   (Borevitz	   et	   al.,	   2000).	   PhPH4	   GenBank	   accession	   number	   AAY51377.1	  
(Quattrocchio	  et	  al.,	  2006).	  AtMYB5	  GenBank	  accession	  number	  AEE75369.1	  (Salanoubat	  
et	  al.,	  2000).	  PhOdorant1	  GenBank	  accession	  number	  AAV98200.1	  (Verdonk	  et	  al.,	  2005).	  
PhMYB1	  GenBank	  accession	  number	  CAA78386.1	  (Avila	  et	  al.,	  1993).	  AmMIXTA	  GenBank	  
accession	  number	  CAA55725.1	  (Noda	  et	  al.,	  1994).	  
	  
Genomic	  DNA	  (gDNA)	  amplification	  	  
Genomic	  DNA	  from	  tomato	  tissues	  was	   isolated	  according	  to	  the	  procedure	  followed	  by	  
de	  Vetten	  et	  al.	   (1997).	  PCR	  reactions	  were	  performed	  using	   the	  “Phusion®	  High-­‐Fidelity	  
DNA	  Polymerase”	  (Finnzymes,	  Ratastie	  2,	  01620	  Vantaa,	  Finland).	  Amplification	  of	  SlANT1	  
and	   SlAN2	   genomic	   DNA	   and	   cDNA	   fragments	   for	   sequencing	   and	   for	   sequence	   length	  
polymorphism	  detection	  was	  performed	  using	  the	  following	  pairs	  of	  primers:	  
	  
SlANT1:	  	  
- SlANT1	  _FW:	  CACCATGAACAGTACATCTATGTC	  
- SlANT1	  _RV:	  TTAAGTAGATTCCATAAGTCAATTTC	  
	  
SlAN2:	  	  
- SlAN2	  _FW:	  CACCATGAATACTCCTATGTGTGC	  
- SlAN2	  _RV:	  TTAAGTAGATTCCATAAGTCAATATC	  
	  
Anthocyanin	  quantification	  
Anthocyanin	   extraction	   from	   the	   skin	   of	   tomato	   fruits	   was	   performed	   as	   described	   by	  
(Solfanelli	   et	   al.,	   2006).	   The	   amount	   of	   anthocyanins	   was	   determined	  
spectrophotometrically	   (A535)	   and	   expressed	   as	   mg	   of	   petunidin-­‐3-­‐(p-­‐coumaroyl	  
rutinoside)-­‐5-­‐glucoside	  per	  g,	  based	  on	  an	  extinction	  coefficient	  of	  17,000	  and	  a	  molecular	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weight	  of	  934	  (Butelli	  et	  al.,	  2008).	  Mean	  values	  were	  obtained	  from	  three	   independent	  
replicates.	  
	  
Expression	  analysis	  by	  quantitative	  RT-­‐PCR	  
Total	  RNA	  was	  extracted	  from	  tomato	  samples	  using	  a	  “SpectrumTM	  Plant	  Total	  RNA	  Kit”	  
(Sigma-­‐Aldrich,	   St	   Louis,	   MO,	   USA)	   according	   to	   the	   manufacturer’s	   instructions.	   We	  
treated	  the	  RNA	  with	  DNase	  using	  a	  “TURBO	  DNA	  free	  Kit”	  (Ambion,	  Austin,	  TX,	  USA).	  An	  
“iScript	   cDNA	  Synthesis	  Kit”	   (Bio-­‐Rad	  Laboratories,	  Hercules,	  CA,	  USA)	  was	   then	  used	   to	  
reverse-­‐transcribe	   one	   microgram	   of	   each	   sample	   into	   cDNA.	   Quantitative	   RT-­‐PCR	  
amplification	   (qPCR)	   was	   performed	   using	   an	   ABI	   Prism®	   7300	   Sequence	   Detection	  
System	  (Applied	  Biosystems,	  Foster	  City,	  CA,	  USA).	  The	  primers	  used	  for	  the	  amplification	  
of	  the	  reference,	  the	  regulatory	  and	  the	  structural	  genes	  analyzed,	  with	  relative	  GenBank	  
accession	   numbers,	   are	   listed	   in	   Table	   S1.	   LeEF1A	   (Lycopersicon	   esculentum	   elongation	  
factor	  1-­‐alpha,	  GenBank	  accession	  number	  X14449)	  and	  18SrRNA	  (Sapir	  et	  al.,	  2008)	  were	  
both	  used	  as	  reference	  genes.	  qPCR	  reactions	  were	  carried	  out	  using	  a	  Power	  SYBR	  Green	  
PCR	  Master	  Mix	  (Applied	  Biosystems),	  10	  ng	  of	  cDNA	  template,	  and	  4.5	  pmol	  gene-­‐specific	  
primers	   in	   a	   final	   reaction	   volume	   of	   15	   µl.	   The	   relative	   quantitation	   of	   each	   individual	  
gene	   expression	   was	   performed	   using	   the	   geometric	   averaging	   method	   (geNorm)	  
(Vandesompele	  et	  al.,	  2002).	  
	  
Cloning	  procedure,	  plasmid	  construction,	  and	  tomato	  transformation	  
SlAN2	   and	   SlANT1	   were	   amplified	   using	   the	   “Phusion®	   High-­‐Fidelity	   DNA	   Polymerase”	  
(Finnzymes,	  Ratastie	  2,	  01620	  Vantaa,	  Finland),	   from	  total	  genomic	  DNA	  extracted	   from	  
AC	   (to	   prepare	   the	   construct	   containing	   SlAN2AC	   and	   SlANT1AC)	   or	   Aft	   (to	   prepare	   the	  
construct	   containing	  SlAN2Aft	  and	   SlANT1Aft).	   The	   primers	   used	   are	   the	   one	  described	   in	  
the	  paragraph	  “Genomic	  DNA	  (gDNA)	  amplification”.The	  fragments	  were	  cloned	  into	  the	  
Gateway	   vector	   pK7WG2	   and	   	   the	   resulting	   plasmids	   were	   transformed	   into	   the	  
Agrobacterium	  tumefaciens	  GV3101	  strain.	  	  
	  
To	  obtain	  the	  AN2Afttransgene	  and	  ANT1Afttransgene	  constructs	  we	  amplified	  the	  
genomic	   fragments	   by	   “Phusion®	   High-­‐Fidelity	   DNA	   Polymerase”,	   using	   DNA	   extracted	  
from	  Aft	  tissues	  as	  template.	  The	  primers	  used	  for	  the	  amplification	  contained	  attB-­‐1	  and	  
-­‐2	  recombination	  sites	  (underlined):	  
	  
- AN2Aft	  _FW_attB1:	  GGGGACAAGTTTGTACAAAAAAGCAGGCTTTGTGTTACTTCCTTTAGTCT	  
- AN2Aft	  _RV_attB2:	  GGGGACCACTTTGTACAAGAAAGCTGGGTTGAGTTTGACACACCCATTG	  
- ANT1Aft_FW_attB1:	  GGGGACAAGTTTGTACAAAAAAGCAGGCTCTCCTAATGATCGACTAGTAC	  
- 	  ANT1Aft	  _RV_attB2:	  GGGGACCACTTTGTACAAGAAAGCTGGGTGGTTGTGTGACCTTGAGTTAT	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Entry	   clones	  were	   produced	   in	   the	   Gateway	   vector	   pDONR221	   P1-­‐P2	   and	   then	  
recombined	   with	   vector	   pDEST	   pKGWD,0	   (Invitrogen,	   Poststraβe	   22	   D,	   32584	   Löhne,	  
Germany).	   For	   tomato	   plant	   transformations,	   we	   followed	   the	   protocol	   published	   by	  
Zuluaga	  et	  al.	  (2008).	  
	  
Production	  of	  small	  fragments	  for	  the	  sequencing	  of	  SlANT1	  and	  SlAN2	  
In	   order	   to	   sequence	   the	   promoter	   and	   the	   genomic	   DNA	   of	   SlANT1	   and	   SlAN2	   from	  
different	  accessions	  (AC	  ,	  Aft,	  and	  S.chilense),	  we	  carried	  out	  Phusion	  PCR	  analyses	  using	  
distinct	   pairs	   of	   primes.	   We	   designed	   several	   pairs	   of	   primers	   in	   such	   a	   way	   that	   we	  
obtained	  distinct	  overlapping	  fragments	  that	  were	  sequenced	  and	  assembled	  into	  a	  contig	  
encompassing	  both	  genes	  (Figure	  7).	  	  
	  
	  
	  
Figure	  7.	  Schematic	  representation	  of	  overlapping	  PCR	  fragments	  (black	  rows)	  used	  in	  order	  
to	   sequence	   the	   promoter	   and	   genomic	   region	   of	   SlANT1	   and	   SlAN2	   (of	   different	  
accessions).	   Each	   primer	   is	   identified	   with	   a	   number	   and	   the	   orientation:	   Fw=Forward	  
Primer	  and	  Rv=Reverse	  Primer.	  The	  sequence	  of	  each	  primer	  is	  reported	  here	  below:	  
	  
1Fw:	  CTCCTAATGATCGACTAGTAC	  and	  1Rv:	  AGCCCTTACGATCCAATTTGT	  
2Fw:	  TGCGCGAAAGGAAGAAATAA	  and	  	  2Rv:	  CAGCATTAAATAATCTCACCGACA	  
3Fw:	  GACAACTATATATCAAGCATGATTCA	  and	  3Rv:	  GTTCATAATAATTTGATAATATA	  
4Fw:	  GATATAGAGTGAATACATAAGGAACA	  and	  4Rv:	  GTTCATAATAATTTGATAATATATTATACTACT	  
5Fw:	  TTATGAACAGTACATCTATGTCTT	  and	  5Rv:	  TTGTTGCATGGGTGGTAAATTAAGAG	  
6Fw:	  TGCAACAAGGACAAATAAGTCATG	  and	  6Rv:	  TGGTGACAAACATGTGTGTCATC	  
7Fw:	  TTGTGTTACTTCCTTTAGTCT	  and	  7Rv:	  GGTTGTGTGACCTTGAGTTAT	  
8Fw:	  GCCTTGTTTGGTTGCACATA	  and	  8Rv:	  GAATCATGTTTATTAGTTATCAGCCA	  
9Fw:	  GCTGACATTCCTACCAAACG	  and	  9Rv:	  TCGACATACGTGGAAGAACTTG	  
10Fw:	  AAGGGTTGAAGAATAGCTAATAGGG	  and	  10Rv:	  AGTCTCAAGATGAGATCCACTTCA	  
11Fw:	  ATGAATACTCCTATGTGTGCATC	  and	  11Rv:	  TGAGAACGAGGACGAGAATGAGGA	  or	  
11Rv_b:	  TGAGTTTGACACACCCATTG	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Supplemental	  Table	  1.	  Primers	  used	  for	  quantitative	  RT-­‐PCR	  analyses.	  
	  
Gene	  
Name	  
Gene	  Description	   Sequence	  ID	   Forward	  primer	   Reverse	  primer	  
TaqMan	  
probe	  
EF1A	  
Elongation	  factor1-­‐
alpha	  
X14449	  
(GenBank)	  
TGCTTGCTTTCAC
CCTTGGT	  
CGATTTCATCATA
CCTAGCCTTGGA	  
CTGCTGTA
ACAAGAT
GGATGC	  
18SrRNA	   18S	  ribosomal	  RNA	  
X51576	  
(GenBank)	  
GCGACGCATCAT
TCAAATTTC	  
TCCGGAATCGAA
CCCTAATTC	  
	  
SlANT1	   Anthocyanin	  1	  
EF433416	  
(GenBank)	  
AAGTGGATCTCA
TTTTGAGGCTTCA	  
TCCTTCCGGGAA
GTCTACCA	  
CAACAGAT
GGTCACTT
ATTG	  
SlAN2	   Anthocyanin	  2	  
FJ744761	  
(GenBank)	  
TTCCAGGAAGGA
CAGCAAAC	  
AACGAGGACGA
GAATGAGGA	  
	  
SlDFR	  
Dihydroflavonol	  
reductase	  
Z18277	  
(GenBank)	  
CAAGGCAGAGG
GAAGATTCATTT
G	  
GCACCATCTTAG
CCACATCGTA	  
ATCCCATC
ATGCTATC
ATC	  
SlAN1	  
Putative	  
S.lycopersicum	  
Anthocyanin1	  
SL2.40ch09	  
(SolGenes)	  
CCTCTCTTGGAC
GGTGTTGT	  
GCTTGTTGTGGC
TCATTGAA	  
	  
SlJAF13	  
Putative	  
S.lycopersicum	  
Johnandfrancesca1
3	  
SGN-­‐
E235386	  
(SolGenes)	  
TCAGGGGATCAC
TACCGAAC	  
TCCCATCAAGGT
TGGAAGAC	  
	  
SlAN11	  
Putative	  
S.lycopersicum	  
Anthocyanin11	  
SGN-­‐
U215976	  
(SolGenes)	  
ATGAAGTGGAGC
CGAGAAGA	  
TCCATCAGCAGA
AACAGACG	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SUPPLEMENTAL	  DATA	  I.	  
	  
	  
	  
A.	  Clustal	  alignment	  of	  SlANT1-­‐like	  and	  SlANT1	  genomic	  sequences	  (spanning	  from	  the	  ATG	  
to	   the	   Stop	   codon).	   Exonic	   regions	  are	  underlined,	  polymorphisms	  are	  highlighted	   in	  grey	  
and	  white.	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B.	  Clustal	  alignment	  of	  SlANT1-­‐like	  and	  SlAN2	  genomic	  sequences	  (spanning	  from	  the	  ATG	  to	  the	  
Stop	  codon).	  Exonic	  regions	  are	  underlined,	  polymorphisms	  are	  highlighted	  in	  grey	  and	  white.	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SUPPLEMENTAL	  DATA	  II.	  
	  
A.	   Clustal	   alignment	   of	   SlAN2	   genomic	   sequences	   (spanning	   from	   the	   ATG	   to	   the	   Stop	  
codon)	   from	  AC	  and	  Aft	   (exonic	   regions	   are	  underlined,	   polymorphisms	   are	  highlighted	   in	  
grey	  and	  white).	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B.	  Clustal	  alignment	  of	  SlAN2	  genomic	  sequences	  (spanning	  from	  the	  ATG	  to	  the	  Stop	  codon)	  from	  
Aft	   and	   S.	   chilense	   (exonic	   regions	   are	   underlined,	   polymorphisms	   are	   highlighted	   in	   grey	   and	  
white).	   “Target	   Site	   Duplication	   (TSD)”	   and	   “Terminal	   Inverted	   Repeats	   (TIR)”,	   typical	   of	   a	  
transposon,	  and	  present	  in	  the	  insertion	  in	  ScAN2,	  are	  marked/labelled.	  
	  
	  
	  
C.	   Clustal	   alignment	   of	   SlAN2	   aminoacid	   sequences	   from	   AC,	   Aft	   and	   S.	   chilense	  
(polymorphisms	  are	  highlighted	  in	  grey	  and	  white).	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D.	   Clustal	   alignment	   of	   SlANT1	   genomic	   sequences	   (spanning	   from	   the	   ATG	   to	   the	   Stop	  
codon)	   from	  AC	  and	  Aft	   (exonic	   regions	   are	  underlined,	   polymorphisms	   are	  highlighted	   in	  
grey	  and	  white).	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E.	   Clustal	   alignment	   of	   SlANT1	   genomic	   sequences	   (spanning	   from	   the	   ATG	   to	   the	   Stop	  
codon)	   from	   Aft	   and	   S.	   chilense	   (exonic	   regions	   are	   underlined,	   polymorphisms	   are	  
highlighted	  in	  grey	  and	  white).	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F.	  Clustal	  alignment	  of	  SlANT1	  aminoacid	  sequences	  from	  AC,	  Aft	  and	  S.	  chilense	  
(polymorphisms	  are	  highlighted	  in	  grey	  and	  white).	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SUPPLEMENTAL	  DATA	  III.	  
	  
Clustal	   alignment	   of	   MYB	   domains	   of	   distinct	   R2R3-­‐MYB	   transcription	   factors	   involved	   in	  
anthocyanin	  biosynthesis	  in	  different	  species.	  Polymorphisms	  are	  highlighted	  in	  grey	  and	  white.	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SUPPLEMENTAL	  DATA	  IV.	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  A.	  Alignment	  of	  SlAN2	   promoter	   sequences	   from	  AC	  and	  Aft	   (polymorphisms	   in	   grey	   and	  
white)	  
 135 
B.	  Alignment	  of	  SlANT1	  promoter	  sequences	  from	  AC	  and	  Aft	  (polymorphisms	  in	  grey	  and	  white).	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Chapter	  6	  
	  
A	   role	   for	   MYB-­‐type	   transcription	   factors	   as	   master-­‐regulators	   of	   the	  
anthocyanin	  pathway	  	  
with	  Cornelis	  Spelt,	  Arthur	  Kroon,	  Francesca	  Quattrocchio	  and	  Ronald	  Koes	  
	  
(to	  be	  submitted	  for	  publication)	  
	  
Abstract	  
Anthocyanin	   accumulate	   in	   widely	   divergent	   patterns	   in	   Angiosperms,	   and	   thereby	  
acquired	   different	   functions.	   A	   wealth	   of	   genetic	   data	   showed	   that	   the	   pigmentation	  
patterns	  are	  dictated	  by	   the	  expression	  patterns	  of	   conserved	  “toolkit”	  genes,	  encoding	  
MYB,	   BHLH	   and	   WD40	   transcription	   regulators	   that	   activate	   subordinate	   structural	  
anthocyanin	  genes	  encoding	  the	  enzymes	  of	  the	  pathway.	  How	  the	  expression	  patterns	  of	  
these	   toolkit	  genes,	  and	   thereby	  pigmentation	  patterns,	  diverged	   is	   largely	  unknown,	  as	  
upstream	  regulators	  have	  not	  been	  identified.	  Here	  we	  show	  that	  ANTHOCYNIN4	  (AN4)	  of	  
petunia	  encodes	  a	  MYB	  protein	  that	   is	  required	  for	  expression	  of	  the	  bHLH	  gene	  AN1	   in	  
anthers.	   Although	   AN4	   and	   its	   close	   paralog	  MYBb1	   are	   closely	   related	   to	   AN2,	   which	  
activates	   pigmentation	   in	   the	   petal	   limb,	   the	   encoded	   proteins	   display	   some	   striking	  
functional	   differences.	  When	   expression	   of	   all	   three	  members	   of	   this	  MYB	   subfamily	   is	  
blocked,	  pigmentation	  is	  lost	  in	  all	  floral	  organs,	  and	  AN1	  expression	  is	  lost	  in	  anthers,	  but	  
not	   in	  petals.	  Our	  data	  show	  that	  regulatory	  anthocyanin	  genes	  are	  activated	  by	  distinct	  
mechanisms	  in	  different	  tissues,	  and	  that	  alterations	  in	  the	  expression	  pattern	  of	  the	  MYB	  
regulator	  are	  sufficient	  to	  alter	  the	  expression	  pattern	  of	  its	  HLH	  partner	  and	  thereby	  the	  
pigmentation	  pattern.	  
	  
	  
Introduction	  
Angiosperms	   display	   a	   wide	   variation	   in	   anthocyanin	   pigmentation	   patterns	   that	   are	  
associated	   with	   divergent	   functions	   of	   these	   pigments.	   For	   example,	   anthocyanins	   in	  
flowers	   are	   important	   to	   attract	   pollinators	   (Hoballah	   et	   al.,	   2007;	   Quattrocchio	   et	   al.,	  
1999),	  while	   in	   seedlings	   they	  help	   to	  protect	   the	   tissue	   from	  high	   light	   intensities.	   The	  
pattern	   of	   pigmentation	   is	   dictated	   by	   the	   tissue-­‐specific	   expression	   of	   structural	   genes	  
encoding	  the	  enzymes	  of	  the	  anthocyanin	  pathway,	  which,	  in	  turn,	  is	  controlled	  by	  a	  triad	  
of	  transcription	  regulators	  belonging	  to	  the	  MYB,	  HLH	  and	  WD40	  families	  respectively	  (for	  
review	  see:	  Koes	  et	  al.,	  2005).	  The	  role	  of	  this	  MYB-­‐HLH-­‐WD40	  complex	  in	  the	  activation	  
of	   anthocyanin	   synthesis	   is	  widely	   conserved	   among	   Angiosperms,	   but	   in	   some	   specific	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(groups	   of)	   species	   it	   has	   acquired	   some	   additional	   functions	   that	   seem	   unrelated	   to	  
anthocyanin	  synthesis.	  For	  example,	  in	  Arabidopsis	  the	  MYB-­‐BHLH-­‐WD40	  complex	  is	  also	  
involved	   in	   the	   specification	   of	   trichomes	   in	   aerial	   tissues,	   the	   specification	   of	   non-­‐hair	  
cells	  in	  the	  root	  epidermis,	  and	  the	  formation	  of	  mucilage	  in	  the	  seed	  (reviewed	  in	  Koes	  et	  
al.,	   2005;	   Ramsay	   and	   Glover,	   2005),	   while	   in	   petunia	   it	   drives	   the	   acidification	   of	   the	  
central	  vacuole	  in	  petal	  cells	  (Quattrocchio	  et	  al.,	  2006c;	  Verweij	  et	  al.,	  2008).	  
	   To	   understand	   how	   the	   anthocyanin	   accumulation	   patterns,	   and	   thereby	   their	  
functions,	  diverged	  during	  evolution	  it	   is	  essential	  to	  identify	  the	  regulatory	  components	  
that	  limit	  the	  expression	  patterns	  of	  the	  structural	  and	  or	  regulatory	  genes.	  In	  the	  species	  
analyzed,	  the	  WD40	  regulator	  is	  expressed	  in	  a	  wide	  pattern,	  including	  many	  tissues	  that	  
lack	  anthocyanins,	  indicating	  that	  the	  WD40	  protein	  is	  not	  the	  limiting	  factor	  that	  restricts	  
pigmentation	  to	  certain	  tissues.	  The	  expression	  patterns	  of	  the	  MYB	  and	  HLH	  regulators,	  
however,	  closely	  mirror	  the	  pigmentation	  pattern	  in	  most	  species,	  and	  ectopic	  expression	  
of	   the	   HLH	   and	   MYB	   partner	   suffices	   for	   ectopic	   expression	   of	   structural	   anthocyanin	  
genes	  and	  ectopic	  pigmentation.	  This	  suggests	  that	  the	  evolution	  of	  distinct	  pigmentation	  
patterns	   relied	   primarily	   on	   alterations	   in	   the	   expression	   of	   these	  MYB	   and	  HLH	   genes.	  
However,	  because	  the	  transcription	  regulation	  of	  these	  MYB	  and	  HLH	  genes	  has	  not	  been	  
studied	  much	  and	  upstream	  activators	  have	  not	  been	   identified,	   the	  molecular	  basis	   for	  
the	  divergence	  of	  their	  expression	  patterns	  remained	  largely	  unknown.	  	  
	   In	   petunia	   anthocyanins	   accumulate	   primarily	   in	   petals	   and	   anthers	   and	   a	   few	  
cells	   in	   vegetative	   tissues.	   The	   WD-­‐40	   protein	   ANTHOCYANIN11	   (AN11)	   and	   the	   HLH	  
protein	  AN1	  activate	  in	  combination	  with	  the	  MYB	  gene	  AN2	  structural	  anthocyanin	  genes	  
in	   the	   limb	   of	   the	   petal	   (de	   Vetten	   et	   al.,	   1999;	   Quattrocchio	   et	   al.,	   1999;	   Spelt	   et	   al.,	  
2000),	   and	   in	   combination	   with	   the	  MYB	   gene	   PH4	   a	   distinct	   pathway	   involved	   in	   the	  
acidification	  of	   the	   vacuole	   in	  petal	   cells	   (Quattrocchio	  et	   al.,	   2006c;	   Spelt	   et	   al.,	   2002).	  
AN11	  is	  expressed	  in	  virtually	  all	  tissues,	  while	  expression	  of	  AN1	  is	  restricted	  to	  all	  tissues	  
that	   are	   pigmented	   (de	   Vetten	   et	   al.,	   1997;	   Spelt	   et	   al.,	   2002).	   Petunia	   contains	   an	  
additional	  HLH	  gene,	  JAF13,	  which	  appears	  to	  be	  the	  homolog	  of	  DELILA	  from	  Antirrhinum	  
and	   R	   genes	   from	   maize	   (Quattrocchio	   et	   al.,	   1998).	   Although	   gain	   of	   function	  
experiments	  show	  that	  JAF13	  can	  activate	  anthocyanin	  genes	  as	  efficiently	  as	  AN1,	  its	  role	  
in	   pigmentation	   is	   poorly	   understood,	   because	   an1	   mutations	   eliminate	   anthocyanins	  
from	  all	   tissues	   (Quattrocchio	   et	   al.,	   1998;	   Spelt	   et	   al.,	   2000),	  while	  mutations	  of	   JAF13	  
only	   causes	   a	   barely	   detectable	   reduction	   of	   anthocyanin	   synthesis	   in	   the	   petal	   limb	  
(unpublished	  data).	  
	   Transient	   expression	   experiments	   in	  maize	   revealed	   that	   the	   expression	   of	   the	  
MYB	  regulator	  C1	  and	  one	  of	  the	  R	  gene,	  which	  encode	  HLH	  factors,	  is	  both	  necessary	  and	  
sufficient	  for	  ectopic	  activation	  of	  downstream	  structural	  anthocyanin	  genes	  (because	  the	  
WD40	   partner	   is	   already	   ubiquitously	   expressed)	   (Goff	   et	   al.,	   1990),	   and	   similar	   results	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have	  been	  obtained	  with	  a	  variety	  of	  dicot	  species,	  including	  petunia	  (Baudry	  et	  al.,	  2004;	  
Quattrocchio	  et	  al.,	  1993;	  Quattrocchio	  et	  al.,	  1998).	  This	   together	  with	   the	   finding	   that	  
the	  MYB	  and	  HLH	  anthocyanins	  regulators	  of	  maize,	  petunia	  and	  many	  other	  species	  can	  
directly	  interact,	  lead	  to	  the	  idea	  that	  transcription	  activation	  of	  structural	  genes	  depends	  
on	  the	  binding	  of	  a	  MYB-­‐HLH	  complex	  (Baudry	  et	  al.,	  2004;	  Goff	  et	  al.,	  1992;	  Quattrocchio	  
et	  al.,	  2006a;	  Zimmermann	  et	  al.,	  2004;	   for	  review	  see:	  Koes	  et	  al.,	  2005).	  Such	  a	  model	  
would	  predict	  that	  it	  takes	  at	  least	  two	  regulatory	  changes	  to	  alter	  the	  expression	  of	  the	  
MYB	   and	   of	   the	   HLH	   gene	   and	   activate	   the	   anthocyanin	   pathway	   in	   a	   novel	   pattern.	  
Indeed	  in	  transgenic	  tomato	  plants	  constitutive	  expression	  of	  the	  MYB	  and	  HLH	  regulators	  
ROSEA	   and	   DELILA	   is	   sufficient	   for	   ectopic	   activation	   of	   anthocyanin	   synthesis	   in	  
transgenic	  tomato	  plants	  (Butelli	  et	  al.,	  2008),	  while	  constitutive	  expression	  of	  DEL	  alone	  
enhances	   the	  pigmentation,	  but	  does	  not	  alter	   the	  pattern	  of	  pigmentation	   (Mooney	  et	  
al.,	  1995).	  	  
	   Gain	  of	  function	  experiments,	  suggested	  that	  the	  MYB	  proteins	  might	  have	  dual	  
role	   as,	   (i)	   an	  activator	  of	   the	  gene	  encoding	   its	  HLH	  partner,	   and	   (ii)	   together	  with	   the	  
HLH	   partner	   (in	   a	   complex)	   as	   an	   activator	   of	   the	   structural	   anthocyanin	   genes.	   For	  
example,	   ectopic	   expression	   of	   the	   petunia	   MYB	   protein	   AN2	   is	   sufficient	   for	   ectopic	  
transcription	   of	   the	   HLH	   gene	   AN1,	   in	   leaves	   stems	   and	   other	   tissues,	   resulting	   in	   the	  
ectopic	   activation	   of	   downstream	   structural	   anthocyanin	   genes	   and	   pigment	   synthesis	  
(Quattrocchio	  et	  al.,	  1998;	  Spelt	  et	  al.,	  2000).	  Similar	  results	  were	  obtained	  with	  the	  MYB	  
gene	  TRANSPARENT	  TESTA2	   (TT2)	   and	   the	  HLH	  gene	  TT8	   in	  Arabidopsis,	  which	   regulate	  
the	  synthesis	  of	  proanthocyanidins	  in	  the	  seed	  coat	  (Nesi	  et	  al.,	  2001).	  However,	  because	  
an2	   or	   tt2	   loss	   of	   function	  mutations	   do	   not	   reduce	   the	   expression	  of	  AN1	   or	   TT8	   the	  
significance	  of	  the	  gain	  of	   function	  data	  and	  the	  potential	  role	  of	  these	  MYB	  proteins	  as	  
master	  regulators	  of	  the	  (pro)	  anthocyanin	  pathway	  remained	  unclear.	  	  
	   Mutation	   of	   AN2	   reduces,	   but	   does	   not	   completely	   abolish,	   pigmentation	   and	  
expression	   of	   structural	   anthocyanin	   genes	   in	   the	   petal	   limb,	   but	   has	   no	   effect	   on	  
pigmentation	   of	   the	   petal	   tube,	   anthers,	   pedicel	   or	   the	   seed	   coat,	   suggesting	   that	   the	  
function	   of	  AN2	   is	   redundant	  with	   other	   genes.	   One	   candidate	   locus	   to	   contain	   such	   a	  
redundant	  gene	  is	  AN4,	  because	  an4	  mutations	  cause	  a	  phenotype	  complementary	  to	  an2	  
and	   eliminates	   pigmentation	   of	   the	   anthers,	   but	   has	   no	   effect	   on	   the	   petal	   limb.	  
Moreover,	  ectopic	  expression	  of	  AN2	   can	   restore	   the	  defects	   in	  an4	  anthers,	   suggesting	  
that	  AN4	  may	  contain	  or	  control	  a	  AN2-­‐like	  MYB	  gene	  (Quattrocchio	  et	  al.,	  1998;	  Spelt	  et	  
al.,	   2000).	   Contrary	   to	   an2,	   mutation	   of	   AN4	   eliminates	   expression	   of	   AN1	   providing	  
unequivocal	  evidence	  that	  AN4	  is	  an	  upstream	  regulator	  of	  AN1	  (Spelt	  et	  al.,	  2000).	  
	   To	   address	   the	   role	   of	   AN4	   and	   MYB	   proteins	   in	   the	   regulation	   of	   AN1,	   we	  
focused	  on	   the	  MYBb1	   gene	   that	  we	  had	   isolated	   in	   a	   yeast	   two	  hybrid	   screen	  with	   an	  
AN1	   bait.	   MYBb1	   encodes	   a	   MYB	   protein	   with	   high	   similarity	   to	   AN2	   (Kroon,	   2004;	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Quattrocchio	  et	  al.,	  2006c)	  that	  is	  expressed	  at	  very	  low	  levels	  in	  the	  petal	  limb,	  the	  petal	  
tube	  and	  in	  anthers.	  We	  found	  a	  closely	  paralog,	  MYBb2	  that	  is	  expressed	  in	  anthers	  and	  
proved	   to	   be	   identical	   to	   AN4,	   providing	   direct	   evidence	   that	   transcription	   of	   AN1	   is	  
controlled	  by	  its	  MYB	  partner,	  at	  least	  in	  anthers.	  However,	  in	  loss	  of	  function	  mutants	  for	  
AN2,	  AN4	   and	  MYBb1	   transcription	   of	  AN1	   in	   petals	   was	   not	   affected,	   nor	   could	   it	   be	  
inhibited	  by	  a	  dominant	  negative	  AN4-­‐EAR	  fusion	  protein,	   indicating	  that	  AN1	  regulation	  
by	   MYB	   partners	   may	   be	   specific	   for	   certain	   tissues	   only,	   or	   may	   be	   redundant	   with	  
distinct	  pathways	  that	  do	  not	  rely	  on	  these	  MYB	  proteins.	  
	  
	  
Results	  
In	  a	  yeast	  2-­‐hybrid	  screen	  of	  a	  petal	  cDNA	  library	  with	  the	  N-­‐terminal	  238	  amino	  acids	  of	  
AN1	   (AN11-­‐238),	   we	   identified	   4	   distinct	   MYB	   proteins	   that	   could	   interact	   with	   this	  
conserved	  domain,	  namely	  AN2,	  MYBa,	  MYBb1	  and	  MybX	  (Kroon,	  2004;	  Quattrocchio	  et	  
al.,	   2006c).	   MYBa	   is	   encoded	   by	   PH4	   and	   controls	   a	   pathway	   involved	   in	   vacuolar	  
acidification	   (Quattrocchio	   et	   al.,	   2006c),	   while	   MYBx	   is	   a	   small	   (single	   MYB	   repeat)	  
protein	  similar	  to	  TRY	  and	  CPC	  from	  Arabidopsis	  that	  acts	  as	  an	   inhibitor	  of	  AN1	  activity	  
(Kroon,	   2004).	   Recently	   others	   renamed	  MYBb1	   as	   DEEP	   PURPLE	   (DPL)	   (Albert	   et	   al.,	  
2011),	  but	  because	  it	  is	  practice	  that	  the	  first	  name	  given	  to	  a	  gene	  has	  priority,	  we	  use	  its	  
original	  name	  here	  (MYBb1).	  	  
	   MYBb1	   interacts	   in	   a	   yeast	   two-­‐hybrid	   assay	  with	   JAF13,	   the	   apparent	   petunia	  
ortholog	  of	  DELILA	  from	  Antirrhinum,	  as	  well	  as	  with	  AN1	  (Figure	  1A).	  Sequencing	  of	  full	  
size	  MYBb1	   cDNA	  and	  genomic	   fragments	   showed	   that	   the	  gene	  encodes	  an	  R2R3	  MYB	  
protein	  of	  261	  amino	  acids	  that	  is	  encoded	  by	  three	  exons	  (Figure	  1B	  and	  1C).	  Figure	  1D	  
shows	   that	   MYBb1	   is	   more	   similar	   to	   R2R3-­‐MYB	   domain	   proteins	   that	   activate	  
anthocyanin	  synthesis,	  such	  as,	  AN2	  from	  petunia,	  and	  homologs	   from	  tobacco	  (NtAn2),	  
Arabidopsis	  (PAP1,	  PAP2;	  Borevitz	  et	  al.,	  2000;	  Gonzalez	  et	  al.,	  2008),	  tomato	  (ANT1	  and	  
SlAN2:	  Mathews	  et	  al.,	  2003),	  than	  to	  MYBs	  involved	  in	  specification	  of	  petal	  cell	  shape	  in	  
Antirrhinum	   (MIXTA;	  Noda	   et	   al.,	   1994)	   and	   petunia	   (MYB1;	   Baumann	   et	   al.,	   2007;	   van	  
Houwelingen	  et	  al.,	  1998),	  or	  to	  MYB	  proteins	  from	  petunia	  that	  control	  vacuolar	  pH	  (PH4;	  
Quattrocchio	  et	  al.,	  2006c)	  or	  synthesis	  of	  volatiles	  (ODO1;	  Verdonk	  et	  al.,	  2005).	  Although	  
the	  C-­‐terminal	  part	  of	  MYB	  proteins	  display	  in	  general	  little	  or	  no	  sequence	  conservation,	  
conserved	  motifs	   can	   be	   found	   in	   some	   specific	   subgroups	   of	  MYBs	   (Jiang	   et	   al.,	   2004;	  
Stracke	  et	  al.,	  2001).	  MYBb1	  contains,	  like	  AN2,	  a	  motif	  that	  is	  typical	  for	  the	  N9	  subgroup,	  
as	  defined	  by	  Jiang	  et	  al.	  (2004),	  which	  corresponds	  to	  subfamily	  6	  of	  Stracke	  et	  al.	  (2001).	  
Besides	  this	  6/N9	  signature	  MYBb1	  and	  AN2	  share	  additional	  conserved	  motifs	  at	  the	  C-­‐	  
and	  N	  termini	  (Figure	  1B).	  The	  degree	  and	  pattern	  of	  sequence	  identity	  of	  MYBb1	  and	  AN2	  
suggests	  that	  they	  are	  recently	  duplicated	  paralogs	  and	  may	  have	  similar	  functions.	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Figure	  1.	  Molecular	  characterization	  of	  MYBb1	  and	  MYBb2.	  	  
(A)	   Yeast	   two-­‐hybrid	   assay	   showing	   the	   interaction	   between	   a	  MYBb1	   protein	   lacking	   the	   N-­‐
terminal	  12	  amino	  acids	  fused	  to	  the	  activation	  domain	  of	  GAL4	  (MYBb112-­‐261GAL4AD)	  and	  the	  N	  
terminal	  238	  amino	  acids	  of	  AN1	  (AN11-­‐238GAL4BD)	  or	  the	  N	  terminal	  234	  amino	  acids	  of	  JAF13	  
(JAF131-­‐234GAL4BD).	   Activation	   of	   the	   HIS3	   and	   ADE2	   reporter	   genes	   is	   seen	   as	   growth	   on	  
medium	  lacking	  both	  histidine	  and	  adenine.	  
(B)	  Aligned	  amino	  acid	  sequences	  of	  AN2,	  MYBb1	  and	  MYBb2	  from	  the	  type	  petunia	   line	  V30.	  
Sequence	  identity	  and	  similarity	  is	   indicated	  by	  the	  black	  and	  grey	  shading	  respectively	  The	  R2	  
and	  R3	  repeat	  that	  make	  up	  the	  MYB	  domain	  and	  the	  conserved	  signature	  typical	  of	  this	  MYB	  
subfamily	  (6	  or	  N9)	  are	  indicated	  on	  top	  of	  the	  sequence.	  	  
(C)	  Structure	  of	  MYBb1	  and	  MYBb2	  genes.	  Exons	  are	   indicated	  by	  filled	  rectangles,	   introns	  are	  
indicated	  by	  lines,	  with	  their	  size	  printed	  above	  the	  line.	  The	  small	  5'	  ORF	  is	  shown	  as	  an	  open	  
block	  of	  half	  the	  height.	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Spatiotemporal	  and	  genetic	  regulation	  of	  MYBb1	  expression	  
To	  investigate	  whether	  MYBb1	  might	  act	  as	  an	  activator	  of	  the	  anthocyanin	  pathway	  we	  
analysed	   its	  expression	  by	  RT-­‐PCR	  in	  tissues	  of	  the	  wild	  type	  petunia	   line	  V30	  (Figure	  2A	  
and	  2B).	  We	  used	  MYBb1-­‐specific	  primers	  to	  avoid	  amplification	  of	  mRNA	  from	  a	  second	  
closely	   related	   gene	   (MYBb2/AN4,	   see	   below).	   In	   general,	   the	   transcript	   level	   of	   the	  
MYBb1	   gene	   appeared	   to	   be	   low,	   because	   a	   relatively	   high	   number	   of	   cycles	   (26)	   is	  
required	   to	   detect	  MYBb1	   products	   by	   hybridisation.	   Figure	   2A	   and	   2B	   show	   that	   the	  
expression	  pattern	  of	  MYBb1	   in	   line	  V30	   is	   similar	   to	   that	  of	   the	   structural	   anthocyanin	  
gene	  DFR,	  with	  one	  notable	  exception.	  That	  is,	  MYBb1	  is,	  like	  DFR,	  expressed	  in	  the	  petal	  
tube,	  ovaries,	  sepals	  and	  petioles,	  but	  not	  in	  leaf,	  root	  or	  pistil.	  Furthermore	  the	  timing	  of	  
MYBb1	  and	  DFR	  expression	  during	  flower	  development	  is	  very	  similar	  in	  both	  the	  anthers	  
and	  the	  petal	  tube.	  In	  the	  petal	  limb,	  however,	  MYBb1	  mRNA	  reaches	  a	  maximum	  in	  open	  
flowers	   after	   anthesis	   (stage	  6),	  while	  DFR	  mRNA	  expression	  peaks	  much	  earlier,	   in	   the	  
last	  stages	  of	  bud	  expansion,	  before	  the	  flowers	  opens	  (stage	  3-­‐4),	  as	  in	  the	  petal	  tube.	  	  
To	  assess	  whether	  MYBb1	   expression	   is	   regulated	  by	  AN1	  or	  AN2,	  we	  examined	  MYBb1	  
mRNA	  expression	  in	  mutants.	  Figure	  2C	  shows	  that	  the	  null	  mutation	  an1W242	  (Spelt	  et	  al.,	  
2002)	  strongly	  reduces	  expression	  of	  DFR	  mRNA	  in	  the	  petal	  tube	  and	  the	  limb,	  but	  not	  of	  
MYBb1	  mRNA.	  We	  observed	  a	  slight	  difference	   in	  MYBb1	   transcript	   levels	  between	  wild	  
type	  and	  ph4	  petals,	  but	  because	  the	  effect	  seems	  only	  marginal	  this	  has	  not	  been	  studied	  
further.	  Furthermore,	  an2	  petal	  limbs	  express	  equal	  amounts	  of	  MYBb1	  mRNA,	  compared	  
to	  isogenic	  tissue	  in	  which	  an2	  is	  complemented	  by	  a	  35S:AN2	  transgene,	  suggesting	  that	  
AN2	   is	   not	   necessary	   for	   transcription	   of	  MYBb1	   in	   petals	   (Figure	   2D).	   However,	   the	  
ectopic	  expression	  of	  AN2	  in	  leaf	  and	  anther	  tissue	  of	  35S:AN2	  plants,	  is	  sufficient	  for	  the	  
ectopic	  activation	  of	  MYBb1	  mRNA	  up	  to	  similar	  levels	  as	  the	  petal	  tube	  (Figure	  1E).	  The	  
discrepancy	   between	   AN2-­‐mediated	   ectopic	   activation	   of	  MYBb	   in	   leaf	   tissues	   and	   the	  
absence	  of	  the	  effect	  in	  an2	  petal	  limbs	  is	  similar	  to	  the	  results	  obtained	  for	  AN1	  (Figure	  
1E;	  Spelt	  et	  al.,	  2000)	  and	  might	  result	  from	  redundancy	  of	  AN2	  function	  (see	  Discussion).	  
	  
	  
	  
Figure	  1	  ctd.	  
(D)	  Dendrogram	  showing	  the	  sequence	  similarity	  between	  the	  MYB	  domain	  of	  proteins	  involved	  
in	  anthocyanin	  and	  or	  tannin	  synthesis,	  specification	  of	  petal	  cell-­‐shape,	  vacuolar	  acidification.	  
	  (E)	  Southern	  blot	  of	  EcoRI/HindIII	  digested	  DNA	  of	  4	  distinct	  P.	  hybrida	  W137	  plants	  hybridized	  
with	  the	  3’	  part	  of	  the	  MYBb1	  cDNA.	  Autoradiographs	  after	   low	  stringency	  washing	  (1xSSC,	  65	  
oC)	  and	  stringent	  washing	  (0.1xSSC,	  65	  0C)	  are	  shown.	  
	   	  
 147 
Identification	  of	  MYBb2,	  a	  AN2-­‐MYBb1	  paralog	  that	  is	  expressed	  in	  anthers	  
In	  anthers	  of	  an4	  mutants	  no	  anthocyanins	  are	  produced	  and	  this	  defect	  can	  be	  restored	  
by	  expression	  of	  AN2	   from	  a	  35S:AN2	   transgene	   (Quattrocchio	  et	   al.,	   1998;	   Spelt	   et	   al.,	  
2000).	  Because	  neither	  AN2	  nor	  MYBb1	  are	  strongly	  expressed	   in	  wild	   type	  anthers,	  we	  
suspected	  that	   the	  petunia	  genome	  might	  contain	  one	  or	  more	  additional	  paralogs(s)	  of	  
AN2	  and	  MYBb1	  that	  are	  expressed	  in	  anthers,	  in	  an	  AN4-­‐dependent	  manner.	  	  
	   To	  examine	  whether	  the	  petunia	  genome	  contains	  multiple	  MYBb1	  paralogs,	  we	  
performed	   DNA	   gel-­‐blot	   analysis.	   In	   order	   to	   avoid	   cross	   hybridisation	   with	   other	  MYB	  
domain	   genes,	   we	   used	   the	   3'	   half	   of	   the	   coding	   sequence	   of	  MYBb1	   as	   a	   probe,	   thus	  
excluding	   the	   region	   encoding	   the	   conserved	  MYB	   domain.	   Figure	   1E	   shows	   that	   this	  
MYBb1	  probe	  detects	  a	  single	  band	  after	  stringent	  post-­‐hybridization	  washes	  (0.1x	  SSC,	  65	  
oC),	  while	  after	  washing	  at	   lower	  stringency	   (1x	  SSC,	  65	  oC)	  a	  second	  band	   is	  visible	   that	  
apparently	  derives	  from	  a	  another	  gene	  that	  is	  distinct	  from	  MYBb1	  and	  from	  AN2,	  as	  the	  
3’	   part	   of	   the	   AN2	   gene	   diverged	   too	   far	   from	   the	   MYBb1	   probe	   to	   cause	   cross-­‐
hybridization.	  
	   To	   isolate	   fragments	   of	   this	   second	  MYBb1-­‐like	   gene,	  we	   used	   various	   primers	  
complementary	   to	  MYBb1	   in	  combination	  with	  a	  3’-­‐RACE	  primer	   in	  RT-­‐PCR	  reactions	  on	  
RNA	  from	  anthers	  (anthers	  contains	  very	  little	  MYBb1	  mRNA)	  of	  lines	  V30	  (AN4)	  and	  R27	  
(an4).	  Several	  MYBb1	  primers	  yielded	  RT-­‐PCR	  products	  on	  cDNA	  derived	  from	  anthers	  of	  
line	   V30	   (AN4),	   while	   none	   were	   obtained	   from	   anthers	   of	   line	   R27	   (an4).	   Sequencing	  
revealed	   that	   these	   RT-­‐PCR	   products	   derived	   from	   a	   gene,	   temporarily	   named	  MYBb2,	  
that	  is	  highly	  similar	  to	  MYBb1.	  We	  subsequently	  isolated	  cDNA	  and	  genomic	  fragments	  of	  
MYBb2	  by	  a	  combination	  of	  PCR	  procedures	  (see	  Methods).	  
	   MYBb2	   shares	   92%	   nucleotide	   similarity	   with	   MYBb1	   throughout	   the	   entire	  
coding	   sequence	   (Supplementary	   Figure	   S1)	   and	   encodes	   an	   R2R3-­‐MYB	   protein	   that	   is	  
highly	  similar	  to	  MYBb1,	  also	  in	  the	  C-­‐terminal	  part	  (Figure	  1C	  and	  1D).	  Both	  MYBb1	  and	  
MYBb2	  contain	  2	   introns	   (Figure	  1B)	   in	  positions	   that	  are	  conserved	   in	  many	  plant	  MYB	  
genes,	   though	   the	   introns	  of	  MYBb	  and	  MYBb2	  diverged	  substantially	   in	   sequence	   (70%	  
similarity)	  and	  size	  (Figure	  2B).	  This,	  together	  with	  the	  observation	  that	  we	  could	  amplify	  
both	   genes	   from	   a	   range	   of	   petunia	   lines	   that	   were	   inbred	   for	   >40	   generations,	  
demonstrates	   that	   MYBb1	   and	   MYBb2	   are	   not	   allelic,	   but	   represent	   closely	   related	  
paralogs	  that	  originated	  from	  a	  relatively	  recent	  gene	  duplication	  event.	  
	   To	   examine	   whether	   MYBb2	   might	   be	   involved	   in	   plant	   pigmentation,	   we	  
analysed	  its	  expression	  in	  the	  wild	  type	  line	  V30	  by	  RT-­‐PCR.	  Figure	  2A	  shows	  that	  MYBb2	  is	  
expressed	  in	  anthers	  of	  young	  floral	  buds	  (stage	  1-­‐2),	  simultaneous	  with	  the	  anthocyanin	  
biosynthetic	  gene	  DFR.	  In	  tubes	  of	  developing	  flowers,	  MYBb2	  mRNA	  expression	  starts	  in	  
young	  buds	  and	  steadily	  increases	  in	  subsequent	  stages	  to	  reach	  a	  maximum	  in	  stage	  5,	  a	  
little	  later	  than	  the	  expression	  of	  DFR	  mRNA	  (Figure	  2A).	  In	  petal	  limbs	  of	  developing	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Figure	  2.	  Spatiotemporal	  and	  genetic	  control	  of	  MYBb	  and	  MYBb2	  expression.	  
(A)	   RT-­‐PCR	   analysis	   of	   mRNAs	   in	   petal	   limb,	   tube	   and	   anthers	   of	   flowers	   from	   line	   V30	  
starting	  from	  stage	  one	  (1	  cm	  sized	  buds)	  to	  stage	  six	  (open	  flower).	  Transcripts	  of	  MYBb1,	  
MYBb2,	  DFR	  and	  GAPDH	  were	  detected	  by	  quantitative	  RT-­‐PCR,	  using	  27	  cycles	  for	  MYBb1	  
and	   MYBb2.	   The	   arrow	   with	   the	   star	   points	   to	   signal	   originating	   from	   contaminating	  
genomic	  DNA	  in	  some	  cDNA	  samples.	  
(B)	  Transcript	  analysis	  of	  MYBb1,	  MYBb2,	  DFR	  and	  GAPDH	   in	  the	  ovary,	   leaf,	  pedicel,	  root,	  
pistil	  and	  sepal	  tissue	  samples	  for	  line	  V30.	  Note	  that	  for	  and	  MYBb1	  and	  MYBb2,	  32	  cycles	  
of	  amplification	  were	  used	  for	  this	  RT	  PCR.	  
(C)	   RT-­‐PCR	   analysis	   of	   MYBb1,	   AN1,	   DFR	   and,	   as	   a	   	   constitutively	   expressed	   control,	  	  
UBIQUITIN	  CONJUGATING	  LIGASE	  (UBCO)	  mRNA	  in	  wild	  type,	  an1	  and	  ph4	  petal	  limbs.	  
	  (D)	  RT-­‐PCR	  analysis	  of	  MYBb1	  mRNA	  in	  petal	  limbs	  of	  an	  an2	  loss-­‐of-­‐function	  mutant	  and	  a	  
transgenic	  line	  in	  which	  the	  an2	  mutations	  is	  complemented	  by	  35S-­‐AN2.	  GAPDH	  is	  used	  as	  
a	  constitutive	  expressed	  control.	  
	  (E)	   RT-­‐PCR	   analysis	   of	   MYBb1,	   AN1	   and	   DFR	   mRNA	   in	   root,	   leaf	   and	   anthers	   of	   2	  
developmental	  stages	  from	  the	   loss-­‐of-­‐function	  an2	  mutant	  (-­‐)	  or	  a	   line	  complemented	  by	  
32S-­‐AN2	  (+).	  GAPDH	  is	  used	  as	  a	  constitutive	  expressed	  control.	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flowers,	  DFR	  mRNA	   reaches	   a	  maximum	   at	   stage	   four	   when	   the	   bud	   has	   its	  maximum	  
length	  but	  is	  still	  closed,	  whereas	  the	  MYBb2	  gene	  does	  not	  become	  active	  until	  stage	  5,	  
when	   the	   limb	  starts	   to	  unfold,	  and	  expression	  persists	  even	   in	  open	   flowers,	  when	   the	  
DFR	  mRNA	  level	  has	  already	  declined	  (Figure	  2A).	  This	  suggests	  that	  if	  MYBb2	  has	  a	  role	  in	  
activating	  the	  anthocyanin	  pathway,	  it	  is	  unlikely	  to	  contribute	  much	  to	  the	  pigmentation	  
of	  the	  petal	  limb,	  as	  its	  expression	  starts	  too	  late	  during	  petal	  development.	  
	   Although	  MYBb1	  and	  MYBb2	  mRNA	  are	  expressed	  in	  very	  similar	  patterns,	  there	  
are	   some	   noteworthy	   differences.	   First	   MYBb2	   is	   expressed	   in	   the	   pistil,	   which	   is	  
pigmented,	   while	  MYBb1	   is	   not.	   Second,	  MYBb2	   mRNA	   is	   much	   more	   abundant	   than	  
MYBb1	  mRNA	   (>	   30	   fold),	   as	   it	   takes	   respectively	   26	   and	  20	  PCR	   cycles	   to	  detect	   these	  
mRNAs	  in	  the	  petal	  limb	  and	  tube	  (Figure	  2A)	  and	  in	  others	  tissues	  this	  difference	  is	  even	  
larger	  (Figure	  2B).	  
	  
an4	  lines	  contain	  a	  mutation	  in	  MYBb2	  that	  blocks	  its	  expression	  
The	  finding	  that	  MYBb2	  is	  expressed	  in	  AN4	  anthers,	  but	  not	  in	  an4	  anthers,	  implies	  that	  
MYBb2	  expression	   is	  either	   regulated	  by	  AN4,	  or	   that	  MYBb2	   is	   identical	   to	  AN4.	   In	   the	  
latter	  case	  the	  mybb2R27	  allele	  from	  the	  an4	  line	  R27	  must	  contain	  a	  mutation	  that	  blocks	  
its	   expression,	   also	   when	   introduced	   into	   an	  AN4	   background.	   However,	   if	  MYBb2	   is	   a	  
distinct	   gene	   that	   is	   regulated	   by	  AN4,	   than	   the	  MYBb2R27	   allele	   should	   be	   reactivated	  
when	  introduced	  into	  an	  AN4	  genetic	  background.	  	  
	   To	  introduce	  the	  mybb2R27	  allele	  in	  an	  an4	  and	  AN4	  background,	  we	  crossed	  the	  
lines	  R27	  (an4/an4)	  and	  V30	  (AN4/AN4),	  backcrossed	  the	  F1	  (AN4/an4)	  to	  the	  R27	  parent	  
and	   selected	   by	   phenotype	   ten	   an4/an4	   and	   ten	   AN4/an4	   plants	   from	   the	   backcross	  
progeny	  (B1).	   In	  these	  plants	  we	  analyzed	  the	  expression	  of	  the	  mybb2R27	  and	  MYBb2V30	  
alleles	  by	  RT-­‐PCR	  using	  allele-­‐specific	  primers.	  We	  verified	  the	  efficiency	  and	  specificity	  of	  
these	  allele-­‐specific	  primers,	  by	  PCR	  amplification	  of	  genomic	  DNA	  of	  same	  plants.	  Figure	  
3A	  shows	  that	  MYBb2V30-­‐specific	  primers	  generated	  a	  1200-­‐bp	  product	  on	  genomic	  DNA	  
from	  V30,	  the	  F1	  and	  the	  AN4/an4	  backcross	  progeny,	  whereas	  on	  DNA	  from	  R27	  and	  the	  
an4/an4	  backcross	  plants	  only	  a	  barely	  detectable	  amount	  of	  product	  was	  generated.	  This	  
indicated	   that	   the	  MYBb2V30	   primers	   were	   indeed	   allele-­‐specific,	   albeit	   not	   completely.	  
Moreover,	  the	  absence	  of	  MYBb2V30	  products	  in	  the	  10	  pooled	  an4/an4	  progeny	  indicated	  
that	  MYBb2V30	  is	  genetically	  linked	  to	  AN4	  (0	  cross-­‐overs	  in	  10	  chromosomes	  tested).	  The	  
mybb2R27	  primers	  proved	   to	  be	   fully	  allele-­‐specific,	  as	   they	  produced	  a	  1300-­‐bp	  product	  
on	  DNA	  from	  R27,	  the	  F1	  and	  an4/an4	  B1	  progeny,	  but	  none	  at	  all	  on	  V30	  DNA.	  
	   RT-­‐PCR	   experiments	   with	   the	   same	   primer	   pairs	   showed	   that,	   as	   expected,	  
MYBb2V30	   mRNAs	   were	   present	   in	   anthers	   of	   V30,	   the	   F1,	   and	   the	   AN4/an4	   backcross	  
progeny,	   but	   not	   in	   R27	   or	   the	   an4/an4	   backcross	   progeny.	   The	   mybb27R27	   allele,	  
however,	   remained	   inactive	   in	   the	   F1	   (AN4/an4)	   and	   the	   AN4/an4	   backcross	   progeny.	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Therefore	  we	  conclude	  that	  the	  inactivity	  of	  the	  mybb27R27	  allele	  in	  line	  R27	  is	  not	  due	  to	  
a	  transacting	  (an4)	  mutation,	  but	  due	  to	  a	  cis-­‐acting	  mutation	  in	  the	  mybb2R27	  allele	  itself	  
that	  prevents	  accumulation	  of	  its	  mRNA.	  This	  finding,	  together	  with	  the	  co-­‐segregation	  of	  
MYBb2V30	  and	  AN4,	  suggests	  that	  MYBb2	  and	  AN4	  may	  be	  identical.	  
	  
MYBb2	  is	  identical	  to	  AN4	  	  
To	   obtain	   direct	   evidence	   that	  MYBb2	   is	   identical	   to	  AN4	   we	   cloned	   a	   4.6	   kb	   genomic	  
fragment	  from	  the	  AN4	  line	  V30,	  which	  includes	  2	  kb	  of	  5’	  flanking	  sequence	  upstream	  of	  
the	  start	  codon	  and	  1.4	  kb	  of	  3’	   flanking	  sequence,	  downstream	  of	   the	  stop	  codon,	  and	  
introduced	   this	   MYBb2V30	   fragment	   in	   the	   lines	   V26	   (an4)	   and	   W115	   (an2	   an4)	   by	  
Agrobacterium-­‐mediated	   leaf	  disk	   transformation.	  Because	  of	   the	  an4	  mutation	  anthers	  
of	   V26	   and	   W115	   lack	   anthocyanins,	   while	   pigmentation	   of	   the	   W115	   petal	   limb	   is	  
compromised	  by	  the	  an2	  mutation	  (Figure	  3B).	  In	  5	  out	  10	  V26	  transformants	  and	  2	  out	  of	  
4	  W115	   transformants	   containing	   the	  MYBb2V30	   transgene	   pigmentation	   of	   the	   anthers	  
was	  restored	  (Figure	  3B-­‐C).	  As	  expected,	  the	  pigmentation	  defect	  caused	  by	  an2	  in	  W115	  
petal	  limbs	  was	  not	  restored	  (Figure	  3C),	  meaning	  that	  the	  functional	  complementation	  is	  
specific	  and	  exclusive	  for	  the	  an4	  mutation.	  Furthermore,	  RT-­‐PCR	  analysis	  showed	  that	  in	  
these	   transgenic	   plants	   MYBb2V30	   is	   expressed	   in	   petals	   during	   the	   last	   stages	   of	  
development	  of	  the	  flower	  and	  anthers	  of	  young	  floral	  buds	  (stage	  1-­‐2),	  but	  not	  in	  leaves	  
(Figure	  3E).	  Thus	  the	  genomic	  MYBb2	   fragment	  that	  was	  used	  contains	  most	   if	  not	  all	  of	  
the	  cis-­‐regulatory	  elements	  that	  determine	  its	  expression	  pattern.	  	  
	   Expression	  of	  the	  MYBb2V30	  transgene	  resulted	  in	  the	  activation	  of	  AN1	  and	  DFR	  
expression	   in	   stage	   2	   anthers,	   to	   similar	   levels	   as	   in	   wild	   type,	   but	   did	   not	   affect	   the	  
expression	  of	  CHSa,	   	   encoding	   the	   first	  enzyme	   (CHALCONE	  SYNTHASE)	  of	   the	   flavonoid	  
pathway,	  and	  which	  is	  not	  affected	  by	  a	  mutation	  in	  AN4	  (Quattrocchio	  et	  al.,	  1993).	  	  
The	   results	   of	   these	   complementation	   experiments,	   together	   with	   the	   molecular	   data	  
demonstrate	  that	  MYBb2	  is	  identical	  to	  AN4.	  Therefore,	  we	  refer	  to	  this	  gene	  as	  AN4	  from	  
here	  on.	  
	  
Molecular	  analysis	  of	  AN4	  
To	   investigate	  the	  cause	   for	   the	  absence	  of	  mybb2R27	  mRNA,	  we	  compared	  the	  genomic	  
sequences	  of	  the	  an4R27	  and	  AN4V30	  alleles.	  Several	  substitutions	  were	  found	  between	  the	  
coding	  sequence	  of	  mybb2R27	  and	  the	  MYBb2V30	  allele	  (Figure	  S1),	  but	  none	  of	  these	  are	  
obvious	  causes	  for	  the	  destabilisation	  of	  the	  mybb2R27	  mRNA,	  like	  a	  frame	  shift	  or	  a	  non-­‐
sense	  mutation.	   For	  MYBb2	  eight	   non-­‐silent	   substitutions	   in	   the	   coding	   sequence	  were	  
found	  between	  V30	  and	  R27.	  Four	  of	  those	  are	  at	  the	  end	  of	  the	  highly	  conserved	  R3	  MYB	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Figure	  3.	  MYBb2	  is	  identical	  to	  AN4.	  
(A)	  mybB2R27	  is	  an	  inactive	  allele.	  PCR	  on	  cDNA	  (left)	  and	  genomic	  DNA	  (right)	  from	  anthers	  
of	  lines	  V30	  (AN4),	  R27	  (an4),	  F1	  (AN4/an4)	  and	  pools	  of	  10	  AN4/an4	  and	  10	   	  an4/an4)	  B1	  
progeny.	  The	  gene	  specific	  primers	  are	  indicated	  on	  the	  left.	  (B)	  Phenotypes	  of	  flowers	  from	  
lines	  V26	   (an4)	   and	  W115	   (an2	  an4)	   and	   complementants	   containing	  a	  AN4V30	   transgene.	  
V26	  contains	  a	  mutation	  in	  the	  POLLEN	  (PO)	  gene,	  encoding	  Chalcone	  isomerase,	  resulting	  
in	   the	  accumulation	  of	   (yellow)	  narigenin.	   In	  an	  An4	   and	  an4	   background	   this	   results	   in	  a	  
green	  of	   yellow	  color.	   (C)	  Anthers	   from	  stage	  1	   to	   stage	  3	   flowers	  of	   line	  V30	   (AN4),	  V26	  
(an4)	  and	  transgenic	  V26	  containing	  AN4V30.	  (D)	  RT-­‐PCR	  analysis	  of	  stage	  2	  anthers	  from	  line	  
V30	  (AN4),	  V26	  (an4),	  W115	  (an2	  an4)	  and	  transgenic	  siblings	  containing	  AN4V30.	  (E)	  RT-­‐PCR	  
analysis	  of	  AN4	  expression	  in	  V30	  (AN4),	  V26	  (an4)	  and	  transgenic	  V26	  containing	  AN4V30.	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repeat	  and,	  therefore,	  might	  alter	  the	  activity	  of	  the	  protein.	  However,	  as	  an4R27	  does	  not	  
express	  (stable)	  mRNA,	  these	  amino	  acid	  substitutions	  seem	  to	  be	  irrelevant.	  The	  AN4V30	  
mRNA	  contains	  in	  the	  5'	  UTR	  region	  a	  short	  open	  reading	  frame	  (ORF)	  that	  is	  absent	  in	  the	  
corresponding	  region	  of	  an4R27.	  Such	  small	  upstream	  ORFs	  occur	  in	  many	  genes,	  including	  
AN2	  (Quattrocchio	  et	  al.,	  1999),	  and	  are	  thought	  to	  reduce	  translation	  of	  the	  downstream	  
ORF,	  but	  are	  not	  known	  to	  affect	  mRNA	  stability.	  Therefore	   it	   is	  unlikely	  that	  the	   lack	  of	  
an4R27	  mRNA	  expression	  is	  due	  to	  the	  absence	  of	  this	  upstream	  ORF.	  
	   PCR	  and	  sequence	  analysis	  of	  the	  5’	  flanking	  region	  of	  an4R27	   indicated	  that	  this	  
region	   contained	   some	   major	   rearrangements	   (Figure	   4A),	   because	   of	   which	   many	  
primers	   combinations	   that	   could	   amplify	   parts	   of	   the	  AN4V30	   promoter	   did	   not	   amplify	  
products	  from	  line	  R27.	  Other	  primer	  combinations,	  did	  yield	  amplification	  products	  from	  
V30,	   but	  most	   of	   these	   proved	   upon	   sequencing	   to	   be	   a	  mixture	   of	   two	   highly	   similar	  
fragments,	  which	  differed	  for	  a	  few	  single	  nucleotide	  polymorphisms	  (SNPs)	  and	  two	  8-­‐bp	  
insertions	   that	   resembled	   a	   transposon	   footprint.	   This	   indicated	   that	   some	   promoter	  
sequences	  were	  duplicated	  in	  V30.	  When	  we	  used	  a	  200	  bp	  fragments,	  located	  between	  -­‐
1.5	   and	   -­‐1.7	   kb	   (relative	   to	   the	   start	   codon)	   in	  AN4V30	   as	   a	   probe	  on	  DNA	   gel	   blots,	  we	  
detected	  a	  single	  fragment	  in	  V30	  and	  two	  in	  R27,	  confirming	  that	  this	  region	  is	  duplicated	  
in	  R27.	  To	  assess	  whether	  the	  duplicated	  promoter	  sequences	  in	  V30	  are	  contiguous,	  we	  
used	   various	   primers	   pairs	   that	   have	   a	   head	   to	   head	   orientations	   in	   AN4V30	   in	   PCR	  
reactions.	   None	   of	   these	   combinations	   amplified	   products	   from	   genomic	   DNA	   of	   V30,	  
while	  many	  of	  them	  yielded	  products	  from	  R27,	  implying	  that	  the	  repeated	  an4	  promoter	  
sequences	   in	   V30	   are	   contiguous	   and	   organized	   in	   a	   direct	   repeat	   (Figure	   4A)	   Finally,	  
sequence	  analysis	  of	  various	  PCR	  fragments	  revealed	  that	  the	  an4R27	  promoter	  contained	  
two	  major	  rearrangements,	  namely:	  (i)	  an	  insertion	  of	  a	  transposon-­‐like	  sequence,	  which	  
has	  140	  bp	  terminal	  inverted	  repeats	  and	  is	  flanked	  by	  a	  9-­‐bp	  target	  site	  duplication,	  some	  
0.2	  kb	  upstream	  of	  the	  translation	  start	  codon	  and	  (ii)	  a	  duplication	  of	  an	  ≥	  2800	  bp	  region	  
that	  spans	   the	  1220	  bp	  transposon	   insertion	  and	  1440	  bp	  of	   the	   flanking	  AN4	  promoter	  
sequence	  (i.e.	  the	  part	  corresponding	  to	  -­‐0.2	  and	  -­‐1.6	  kb	  in	  AN4V30	  promoter)	  (Figure	  4A).	  	  
	   The	   an4	   allele	   of	   line	   V26	   has	   a	   different	   defect	   than	   an4R27	   that	   abolishes	   its	  
expression	   in	  anthers,	  but	  not	   in	   the	  petal	   (Figure	  3E).	  Surprisingly,	  we	  could	  not	  detect	  
any	  differences	  in	  the	  sequences	  of	  the	  AN4V30	  and	  an4V26	  alleles	  between	  position	  -­‐2.5	  kb	  
upstream	  of	   the	   start	   codon	  and	  1.4	   kb	  downstream	   from	   the	   stop	   codon.	  Because	  we	  
obtained	  the	  same	  result	  with	  multiple	  independent	  samples	  of	  V26	  DNA,	  we	  can	  rule	  out	  
that	   this	   results	   is	   caused	   by	   DNA	   contaminations.	   Moreover,	   DNA	   gel	   blot	   analysis	  
showed	  that	  the	  restriction	  patterns	  of	  5’	  flanking	  region	  of	  an4V26	  were	  identical	  to	  those	  
of	   AN4V30	   (Figure	   4B)	   indicating	   that	   the	   similarity	   between	   both	   alleles	   extends	   even	  
further	  into	  the	  5’	  flanking	  region,	  beyond	  position	  -­‐2.5	  kb.	  Furthermore	  the	  DNA	  gel	  blot	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Figure	  4.	  Analysis	  of	  mutant	  an4	  alleles.	  
(A)	   Maps	   of	   AN4V30	   and	   an4R27	   alleles.	   Exons	   are	   indicated	   by	   grey	   rectangles,	   and	  
translation	  start	  and	  stop	  codons	  with	  open	  and	  closed	  circles	  respectively.	  Triangles	  denote	  
transposons,	   and	   the	   dark	   grey	   arrows,	   the	   left	   and	   right	   terminal	   inverted	   repeats	   (LIR,	  
RIR).	  The	  dotted	  arrow	  in	  AN4V30	  denotes	  a	  region	  that	   is	  duplicated	  in	  an4R27	  and	  8-­‐bp	  FP	  
the	  position	  of	  8-­‐bp	  insertions	  resembling	  a	  transposon	  footprint.	  	  
(B)	   DNA-­‐gel	   blot	   analysis	   of	   AN4V30,	   an4V26,	   an4R27,	   an4W115	   alleles.	   Genomic	   DNA	   was	  
digested	   with	   the	   restriction	   enzymes	   indicated,	   size-­‐separated	   and	   hybridized	   with	   a	  
promoter	  fragment	  spanning	  -­‐1.5	  to	  -­‐1.7	  kb	  in	  the	  AN4V30,	  as	  indicated	  in	  (A).	  
(C)	  Methylation	  status	  of	  HpyCH	  IV	  restriction	  sites	  in	  AN4	  and	  an4	  alleles.	  HpyCH	  IV	  sites	  in	  
AN4	   are	   indicated	   in	   the	   diagram	   above:	   their	   methylation	   status	   in	   genomic	   DNA	   from	  
distinct	  lines	  and	  tissue	  is	  indicated	  with	  open	  and	  closed	  circles	  below	  each	  site.	  	  
	  
data	  rule	  out	  the	  possibility	  that	  an4V26	  contains	  a	  large	  rearrangement,	  like	  a	  duplication,	  
that	   might	   escape	   detection	   by	   PCR.	   Given	   that	   the	   4.6	   kb	   genomic	   AN4V30	   fragment	  
contains	   all	   sequences	   required	   for	   correct	   expression	   and	   complementation	   of	   an4	  
(Figure	  3E),	  and	  that	  the	  AN4V26	  allele	  has	  the	  same	  sequence	  we	  reasoned	  that	  an4V26	  is	  
either	   an	  epiallele	  or	   contains	  a	   rearrangement	   in	   the	   far	  up-­‐	  or	  downstream	   region	  by	  
which	   it	   came	   under	   the	   (long	   distance)	   control	   of	   a	   cis-­‐element	   that	   respresses	  
transcription	   specifically	   in	   anthers.	   To	   examine	   whether	   the	   inactivity	   of	   an4V26	   is	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associated	  with	  DNA	  methylation,	  we	  digested	   genomic	  DNA	   isolated	   from	  anthers	   and	  
petals	  of	  lines	  V26	  (an4V26),	  V23	  (AN4),	  V30	  (AN4)	  and	  V21	  (containing	  an	  an4	  allele	  with	  a	  
similar	   rearrangement	   as	   an4R27)	   with	   the	   HpyCH	   IV	   enzyme,	   which	   is	   sensitive	   to	  
methylation	   of	   the	   C	   in	   ACGT,	   and	   amplified	   the	   DNA	   with	   primers	   flanking	   individual	  
HpyCH	  IV	  sites	  to	  determine	  whether	  this	  had	  been	  cut.	  Figure	  4C	  shows	  that	  the	  HpyCH	  
IV	   sites	   in	   the	   coding	   sequence	   and	   immediate	   upstream	   region	   (-­‐128	   and	   -­‐345)	   were	  
methylated	  in	  V26	  anthers	  and	  petals,	  but	  not,	  or	  much	  less	  in	  the	  AN4	  alleles	  of	  V30	  and	  
V21.	  The	  coding	  sequence	  of	  the	  an4R27	  allele	  was	  also	  methylated,	  but	  methylation	  in	  the	  
proximal	   promoter	   region	   could	   not	   be	   determined	   as	   this	   region	   is	   difficult	   to	   amplify	  
due	   to	   the	   rearrangements.	   The	   simplest	   explanation	   for	   these	   results	   is	   that	   an4V26	  
contains	  an	  epigenetic	  defect	  that	  specifically	  abolishes	  its	  expression	  in	  anthers,	  but	  not	  
in	  the	  petal	  limb.	  
	  Functional	  comparison	  of	  AN4	  and	  MYBb1	  with	  AN2	  
	   Although	  AN4	  (and	  MYBb1)	  are	  closely	  related	  to	  AN2,	  both	  proteins	  differ	  in	  that	  
AN4	  is	  required	  for	  the	  expression	  of	  AN1,	  whereas	  AN2	  is	  not.	  This	  regulatory	  difference	  
might	  stem	  from	  a	  functional	  difference	  in	  the	  AN4	  and	  AN2	  proteins,	  or	  from	  differences	  
in	  the	  regulatory	  networks	  that	  control	  AN1	  expression	  in	  petals	  and	  anthers.	  To	  examine	  
to	  what	  extent	  AN4	  and	  AN2	  proteins	  are	  similar,	  we	  used	  different	  functional	  assays.	  
	   First	   we	   examined	   whether	   both	   AN4	   and	   AN2	   co-­‐localize	   to	   the	   same	  
compartment	   and	  whether	   constitutive	   expression	   of	   AN4	   can	   ectopically	   activate	  AN1	  
expression	  and	  pigment	  synthesis,	  like	  AN2.	  Therefore,	  we	  expressed	  chimeric	  proteins	  in	  
which	  GFP	  was	  fused	  to	  the	  C-­‐termini	  of	  AN2,	  AN4	  and	  MYBb1	  from	  a	  transgene	  driven	  by	  
the	  constitutive	  35S	  promoter	   in	   the	  an2	  an4	   line	  W115.	  Most	  of	   the	  35S:AN2-­‐GFP	  and	  
35S:AN4-­‐GFP	   transformants	  displayed	  ectopic	   pigmentation	  of	   leaves,	   stem,	  bracts,	   and	  
sepals,	  enhanced	  pigmentation	  of	  the	  petal	  tube	  and	  restored	  pigmentation	  of	  the	  petal	  
limb	   (Figure	   5A).	   The	   latter	   indicated	   that	   both	   35S:AN2-­‐GFP	   and	   35S:AN4-­‐GFP	  
complemented	  the	  limb	  pigmentation	  defect	  caused	  by	  an2	  equally	  well.	  That	  this	  results	  
in	  a	  rather	  pale	  flower	  color	  is	  due	  to	  other	  factors	  in	  the	  W115	  background,	  such	  as	  leaky	  	  
	  
	  
allele	  at	  the	  HYDROXYLATION	  AT	  FIVE1	  (HF1)	  locus	  and	  a	  dominant	  FLAVANOL	  (FL)	  allele,	  
which	   forces	   most	   precursors	   into	   the	   flavonol	   pathway	   instead	   of	   the	   anthocyanin	  
pathway	   (Holton	   et	   al.,	   1993;	   Wiering,	   1974).	   However,	   none	   of	   the	   35S:MYBb1-­‐GFP	  
transformants	  displayed	  ectopic	  or	  enhanced	  pigmentation.	  Analysis	  of	   these	   transgenic	  
plants	   by	   real	   time	  PCR	   analysis	   showed	   that	  35S:MYBb1	  was	   expressed	   in	  most	   of	   the	  
plants	   analyzed	   but	   the	   abundance	   of	   MYBb1-­‐GFP	   mRNAs	   was	   several	   orders	   of	  
magnitude	  lower	  than	  that	  of	  AN2-­‐GFP	  and	  AN4-­‐GFP.	  	  Although	  the	  AN2-­‐GFP	  and	  AN4-­‐	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Figure	  5.	  Constitutive	  expression	  of	  GFP	  fusions	  to	  AN2,	  AN4	  and	  MYBb1.	  
(A)	  Phenotypes	  of	  inflorescence,	  flower	  and	  leaf	  of	  transgenic	  plants	  	  expressing	  C-­‐terminal	  
fusions	  of	  GFP	  to	  AN2,	  AN4	  and	  MYBb1.	  
(B)	  Phenotypes	  of	  flowers	  and	  leaves	  expressing	  N-­‐terminal	  fusions	  of	  AN2	  and	  AN4.	  
(C)	  Real	  Time	  PCR	  analysis	  of	  mRNAs	  expressed	  in	  petal	  limbs	  of	  the	  indicated	  genotypes.	  
	  
	  
GFP	   fusions	   complemented	   an2,	   they	   seemed	   treacherous	   as	   reporters	   of	   intracellular	  
localization,	  because	  the	  major	  proteins	  detected	  in	  these	  plants	  by	  anti-­‐GFP	  on	  immuno-­‐
blots,	  had	  a	  size	  similar	  to	  free	  GFP	  (~	  30kD),	  while	  no	  proteins	  with	  a	  size	  predicted	  for	  
AN2-­‐GFP	  or	  AN4-­‐GFP	  (~55	  kD)	  could	  be	  seen.	  This	  suggested	  that	  the	  AN2-­‐GFP	  and	  AN4-­‐
GFP	   proteins	   were	   cleaved	   in	   vivo.	   Consistent	   with	   that	   idea,	   we	   observed	   that	   GFP	  
fluorescence	  was	  present	  in	  both	  the	  nucleus	  and	  cytoplasm,	  in	  a	  similar	  pattern	  as	  in	  cells	  
expressing	  free	  GFP	  (not	  shown).	  	  
Interestingly,	  transgenic	  plants	  that	  expressed	  proteins	  consisting	  of	  GFP	  fused	  to	  
the	  N-­‐termini	   of	   AN2	   and	   AN4	   (35S:GFP-­‐AN2	   and	  35S:GFP-­‐AN4),	   showed	   a	   very	   strong	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pigmentation	   of	   the	   petals	   and	   green	   organs,	   such	   as	   sepals,	   bracts	   leaves	   and	   stem	  
(Figure	   5C).	   Consistent	  with	   that	  we	   observed	   that	   these	   transgenics	   expressed	  DFR	   at	  
very	   high	   levels,	   much	   higher	   than	   in	   35S:AN2-­‐GFP	   or	   35S:AN4-­‐GFP	   plants,	   and	  
(re)activated	  also	  the	  expression	  of	  PH5,	  a	  gene	  that	   is	   involved	  in	  vacuolar	  acidification	  
pathway,	  but	  not	  anthocyanin	  biosynthesis	  (Verweij	  et	  al.,	  2008).	  AN1	  is	  in	  the	  an2	  W115	  
petals	   expressed	   at	   the	   same	   levels	   as	   in	  wild	   type	   (AN2),	   and	   expression	   in	   trangenic	  
petals	  was	  not	  clearly	  different	  from	  untransformed	  controls,	  apart	  for	  a	  slight	  increase	  in	  
transformants	  that	  expressed	  AN4-­‐GFP	  or	  GFP-­‐AN4	  mRNA	  at	  very	  high	  levels	  (Figure	  5B).	  	  
Con-­‐focal	   microscopy	   revealed	   that	   both	   GFP-­‐AN2	   and	   GFP-­‐AN4	   reside	   in	   the	  
nucleus,	   consistent	   with	   the	   notion	   that	   these	   proteins	   act	   as	   transcription	   activators	  
(Figure	  5D).	  
Taken	  together	  these	  data	  indicate	  that	  AN2	  and	  AN4	  have	  a	  similar	  capacity	  to	  
induce	   genes	   in	   the	   anthocyanin	   and	   the	   vacuolar	   acidification	   pathway,	   and	   are	   even	  
interchangeable	  as	  ectopic	  expression	  of	  AN4	  can	  complement	  an2.	  
	  
AN4-­‐EAR	  can	  suppress	  anthocyanin	  synthesis	  in	  anthers,	  but	  not	  in	  petals.	  
To	   assess	   the	   potential	   interactions	   of	   AN4,	  MYBb1	   and	  AN2	  with	   proteins	   encoded	   by	  
other	   regulators	   of	   anthocyanin	   synthesis	   or	   vacuolar	   acidification	   we	   performed	  
systematic	  yeast	  two	  hybrid	  assays.	  We	  found	  that	  AN4,	  MYBb1	  and	  AN2	  can	  interact	  with	  
the	  HLH	  protein	  AN1	  (Figure	  6A),	  giving	  a	  strong	  response	  that	  could	  be	  detected	  with	  all	  
three	   reporter	   genes	   (HIS,	  ADE	   and	   LacZ).	   Furthermore	   AN4	   and	  MYBb1,	   but	   not	   AN2,	  
could	  interact	  with	  the	  WD40	  protein	  AN11,	  albeit	  with	  a	  weaker	  response	  that	  could	  only	  
be	   detected	   with	   the	   HIS3	   reporter,	   and	   not	   with	   the	   less	   sensitive	   ADE2	   and	   LacZ	  
reporters	  (Figure	  6A).	  	  
	   Next	  we	  examined	  whether	  we	  could	  eliminate	  the	  activity	  of	  AN4,	  MYBb1	  and	  
AN2	   in	   plants,	   by	   constitutively	   expressing	   a	   fusion	   of	   AN4	   and	   the	   EAR	   transcription	  
repression	   domain.	   For	   these	   experiments	   we	   used	   the	   F1	   hybrid	   M1xV30	   as	   a	   host,	  
because	  this	  hybrid	  is	  transformable	  and	  dominant	  for	  all	  known	  anthocyanin	  genes.	  We	  
found	   that	   expression	   of	   AN4-­‐EAR,	   phenocopied	   an4	   and	   completely	   abolished	  
pigmentation	   and	   the	   expression	   of	  AN1	   and	  DFR	   in	   anthers,	   but	   not	   in	   the	   petal	   limb	  
(Figure	  6B-­‐C).	   Thus,	  AN4-­‐EAR	   is	   epistatic	   to	   transcription	   factors,	   like	  AN4,	   that	   activate	  
AN1	  in	  anthers,	  but	  not	  to	  those	  that	  activate	  AN1	  in	  the	  petal	  limb.	  	  	  
	  
Inactivation	  of	  AN2,	  AN4	  and	  MYBb1	  blocks	  the	  pigmentation	  of	  the	  petal	  limb,	  but	  not	  
AN1	  expression.	  
To	  further	  assess	  the	  potential	  role	  of	  MYBb1	  in	  activating	  anthocyanin	  synthesis	  and/or	  
AN1	  expression,	  we	  inhibited	  its	  expression	  via	  RNA	  interference	  (RNAi)	  by	  expressing	  an	  
inverted	  repeat	  of	  a	  MYBb1	  cDNA	  fragment	  from	  the	  35S	  promoter	  (35S:AN4RNAi)	  in	  the	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Figure	  6.	  Comparison	  of	  functional	  properties	  of	  AN2,	  AN4	  and	  MYBb1.	  
(A)	   Yeast	   two	   hybrid	   assays.	   Yeast	   strains	   expressing	   GAL4AD	   fusions	   of	   the	   proteins	  
indicated	  on	  the	  left	  and	  GAL4BD	  fusions	  of	  the	  proteins	  indicated	  on	  top,	  were	  assayed	  for	  
expression	  of	  the	  lacZ	  reporter,	  (left;	  activity	  is	  seen	  as	  blue	  staining)	  and	  HIS3	  (right,	  activity	  
seen	  as	  grow	  on	  plates	  lacking	  leucin,	  trauptophae	  and	  histidine	  (-­‐LTH).	  
(B)	  Phenotype	  of	  flowers	  and	  anthers	  of	  M1xV30	  flowers	  and	  a	  transgenic	  sibling	  expressing	  
MYBb1-­‐EAR.	  
(C)	   Real	   time	  PCR	  analysis	   of	  mRNAs	  expressed	   in	  petals	   and	  anthers	  of	   the	  M1xV30	  and	  
siblings	  expressing	  MYB1-­‐EAR.	  
	  
	  
wild	   type	   M1x	   V30	   hybrid.	   In	   3	   out	   of	   6	   transformants	   pigmentation	   of	   anthers	   was	  
completely	  abolished,	  while	  in	  petals	  pigmentation	  was	  only	  slightly	  reduced,	  in	  particular	  
in	   the	   petal	   tube	   and	   the	   veins	   of	   the	   petal	   limb	   (Figure	   7A).	   In	   these	   RNAi	   lines	   the	  
expression	  of	  both	  MYBb1	  and	  AN4	  was	  reduced,	  which	  was	  not	  unexpected	  because	  of	  
	  th	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Figure	  7.	  Phenotypes	  of	  mutants	  lacking	  expression	  of	  AN2,	  AN4	  and	  MYBb1.	  
(A)	  Phenotype	  of	  M1	  x	  V30	  flowers	  and	  a	  transgenic	  sibling	  expressing	  AN4-­‐IR.	  
(B)	  RT-­‐PCR	  analysis	  of	  mRNAs	  of	  M1	  x	  V30	  flowers	  (control,	  c)	  and	  5	  35S:AN4-­‐IR	  lines.	  
(C)	  Phenotype	  of	  W115	  flowers	  and	  a	  transgenic	  sibling	  expressing	  AN4-­‐IR.	  
(D)	  RT-­‐PCR	  analysis	  of	  mRNAs	  expressed	  in	  the	  petal	   limb	  and	  anthers	  of	  W115	  expressing	  
35S:AN4-­‐IR	  (+)	  and	  control	  plants	  lacking	  the	  transgene	  (-­‐).	  
	  
	  
e	   high	   sequence	   similarity.	   However,	   AN2	   mRNA	   in	   the	   petal	   limbs	   was	   not	   affected	  
(Figure	   7B).	   As	   the	   petal	   phenotype	   of	   these	   RNAi	   lines	   was	   stronger	   than	   that	   of	   an4	  
mutants,	  this	  suggested	  a	  (partially	  redundant)	  role	  for	  MYBb1	  in	  pigmentation	  of	  (some)	  
petal	  cells.	  	  
To	  better	  assess	  the	  role	  of	  MYBb1	  in	  the	  pigmentation	  of	  petals,	  we	  introduced	  
the	   same	   35S:AN4RNAi	   construct	   in	   the	   line	  W115	   (an2	   an4).	  W115	   flowers	   accumulate	  
anthocyanins	  in	  a	  variegated	  pattern	  in	  the	  petal	  tube,	  but	  pigmentation	  of	  the	  petal	  limb	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and	   anthers	   is	   abolished	   by	   an2	   and	   an4.	   In	   this	   background	   RNAi	   silencing	   of	  MYBb1	  
severely	   reduced	   the	  pigmentation	  of	   the	  petal	   tube	   (Figure	  7C).	  Null	  mutations	   in	  AN2	  
strongly	   reduce	   DFR	   expression	   and	   pigment	   synthesis	   in	   the	   petal	   limb	   but	   do	   not	  
completely	   abolish	   it,	   suggesting	   that	   AN2	   function	   in	   the	   petal	   limb	   is	   partially	  
redundant.	  The	  residual	  expression	  of	  DFR	   in	  an2	  petals	   limbs	   is	  not	  due	  to	  AN4,	  as	  the	  
petals	   limbs	  of	  W115	  (an2	  an4),	  also	  express	  this	  residual	  amount	  of	  DFR	  mRNA	  (Figure	  
7D).	  However,	  in	  W115	  plants	  expressing	  35S:AN4RNAi,	  the	  (residual)	  expression	  of	  DFR	  is	  
abolished	   indicating	   that	   in	   the	  petal	   limb	  MYBb1	   is	   partially	   redundant	  with	  AN2.	   Also	  
the	  anthers	  express	  a	   little	   residual	  DFR	  mRNA	  and	  this	   is	  also	  eliminated	  completely	   in	  
W115	   MYBb1RNAi	   lines.	   Strikingly	   the	   35S:AN4RNAi	   transgene	   also	   abolished	   the	   low	  
amount	  of	  residual	  AN1	  mRNA	  that	  is	  expressed	  in	  an4	  anthers,	  but	  has	  no	  effect	  on	  AN1	  
mRNA	  expression	  in	  the	  petal	  limb	  (Figure	  7D).	  This	  indicates	  again	  that	  AN1	  expression	  in	  
anthers	   requires	   the	  AN2-­‐like	  MYB	  proteins	  AN4	  and	  MYBb1,	  whereas	  MYBb1	  and	  AN2	  
are	  not	  essential	  for	  AN1	  expression	  in	  the	  petal	  limb.	  	  
	  
Discussion 
Here	  we	   present	   a	   detailed	   characterization	   of	   the	   role	   of	   the	   AN2/AN4	   family	   of	  MYB	  
proteins	  in	  the	  regulation	  of	  the	  anthocyanin	  pathway.	  We	  show	  that	  AN4	  acts	  in	  anthers	  
as	  a	  “master”	  activator	  that	  acts	  in	  a	  feed	  forward	  loop	  and	  activates	  the	  transcription	  of	  
the	   AN1,	   which	   encodes	   the	   HLH	   partner	   that	   is	   needed	   for	   activation	   of	   structural	  
anthocyanin	   genes.	   These	   findings	   bear	   upon	   the	   genetic	   mechanisms	   underlying	   the	  
evolution	  of	  distinct	  pigmentation	  patterns	  and	  the	  biological	  functions	  of	  anthocyanins.	  	  
It	   has	   been	   shown	   that	   divergence	   of	   pigmentation	   patterns	   has	   occurred	   in	  
some	  cases	  by	  loss-­‐of-­‐function	  mutations	  in	  specific	  anthocyanin	  genes	  resulting	  the	  loss	  
of	   anthocyanins	   from	   few	   or	   all	   tissues,	   depending	   on	   the	   functional	   redundancy	   and	  
expression	   pattern	   of	   the	  mutated	   gene(s).	   For	   example	   the	   divergent	   pigmentation	   of	  
petals	   in	   Petunia	   axillaris,	   which	   has	   moth-­‐pollinated	   flowers	   with	   white	   petals,	   and	  
Petunia	   integrifolia,	   which	   has	   bee	   pollinated	   flowers	  with	   full	   colored	   petals,	   arose	   by	  
multiple	  independent	  mutations	  in	  AN2	  (Hoballah	  et	  al.,	  2007;	  Quattrocchio	  et	  al.,	  1999).	  
P.	   integrifolia	   has	   colored	   anthers,	   while	  P.	   axillaris	   has	   yellow	   anthers	   and	   harbors	   an	  
inactive	  an4	  with	  the	  same	  structure	  as	  an4R27,	   indicating	  that	  also	  in	  this	  case	  divergent	  
patterns	  arose	  by	  a	  loss-­‐of-­‐function	  mutation	  in	  an	  ancestral	  species	  with	  colored	  anthers,	  
and	  that	  this	  mutation	  was	  later	   introgressed	  into	  P.	  hybrida	  cultivars.	  A	  similar	  scenario	  
leads	   to	   the	   divergence	   of	   Ipomea	   species	   with	   either	   blue	   or	   red	   flowers	   (Zufall	   and	  
Rausher,	  2004).	  
It	   is,	  however,	  much	   less	  clear	  how	  novelty	  can	  arise	  during	  evolution	  and	  how	  
pigmentation	  can	  be	  gained	  in	  tissues	  that	  were	  not	  pigmented	  in	  the	  ancestor.	  It	  is	  well	  
established	   that	   in	   a	   wide	   range	   of	   species	   the	   ectopic	   expression	   of	   a	   MYB	   and	   HLH	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activator	  of	  anthocyanin	  genes	  is	  necessary	  and	  sufficient	  to	  trigger	  ectopic	  expression	  of	  
structural	   anthocyanins	   gene	   in	   transient	   assays.	   This	   suggests	   that	   a	   change	   in	   the	  
expression	  pattern	   of	   one	  of	   the	  MYB	   genes	   and	  one	  of	   the	  HLH	   genes	  may	   cause	   and	  
create	   novelty	   in	   pigmentation	   patterns	   during	   evolution	   (or	   breeding).	   However,	   since	  
little	   is	   known	  about	  how	   the	   transcription	  of	   the	   these	  MYB	  and	  HLH	   is	   regulated	   it	   is	  
hard	  to	  foresee	  how	  difficult	  it	  is	  and	  how	  many	  genetic	  alterations	  are	  required	  to	  have	  
both	  genes	  expressed	  at	  novel	  sites.	  	  
In	   most	   species	   the	   MYB	   and	   HLH	   regulators	   are	   expressed	   in	   distinct	   but	  
overlapping	   patterns.	   In	   petunia,	   for	   example,	   the	   WDR	   protein	   AN11	   is	   expressed	   in	  
virtually	  all	  tissues,	  while	  AN1	  is	  expressed	  in	  all	  pigmented	  tissues	  (de	  Vetten	  et	  al.,	  1997;	  
Spelt	   et	   al.,	   2000).	   Hence	  an1	   and	  an11	  mutants	   loose	   anthocyanins	   in	   all	   tissues.	   The	  
MYB	   gene	   AN2	   however,	   is	   expressed	   in	   a	   much	   smaller	   domain	   and	   is	   essential	   for	  
pigmentation	  of	  the	  petal	  limb	  only	  (Quattrocchio	  et	  al.,	  1999),	  whereas	  pigmentation	  of	  
other	  tissues	  is	  activated	  by	  the	  homologs	  AN4	  and	  MYBb1	  (this	  paper)	  and	  a	  fourth	  gene	  
PURPLE	  HAZE	   (Albert	  et	  al.,	  2011).	  A	  similar	  situation	   is	   found	   in	  Antirrhinum	  where	  the	  
MYB	  genes	  ROSEA1	   (ROS1),	  ROS2	  and	  VENOSA,	  are	  expressed	   in	  different	  patterns	   than	  
the	  HLH	  partners	  DELILA	  and	  MIRABILIS	  (Goodrich	  et	  al.,	  1992;	  Schwinn	  et	  al.,	  2006).	  This	  
suggests	   that	   the	   activation	   of	   MYB	   and	   HLH	   genes	   occurs	   by	   distinct	   mechanisms,	  
consistent	  with	  the	  finding	  that	  loss-­‐of-­‐function	  mutations	  in	  any	  of	  MYB	  genes	  does	  not	  
affect	  the	  expression	  of	  their	  HLH	  partners,	  or	  vice	  versa.	  If	  so,	  it	  would	  require	  alterations	  
in	   two	  distinct	   regulatory	  networks	   for	   the	  ectopic	   expression	  of	   a	  MYB	  and	  HLH	  genes	  
and	  gain	  of	  pigmentation	  in	  new	  tissues.	  
Our	  data	  suggest,	  however,	  that	  there	  is	  more	  transcriptional	  cross-­‐regulation	  of	  
the	  MYB	   and	  HLH	   genes	   than	  previously	   thought.	   The	   finding	   that	  AN4	   encodes	   a	  MYB	  
protein	  that	  is	  required	  for	  the	  expression	  of	  AN1	  mRNA	  in	  anthers	  provides	  unequivocal	  
evidence	   that	   MYB	   proteins	   are	   involved	   in	   the	   transcriptional	   regulation	   of	   their	   HLH	  
partners.	   This	   indicates	   that	   the	   ectopic	   activation	   of	  AN1	   in	   transgenic	  35S:AN2	   plants	  
(Quattrocchio	  et	  al.,	  1998;	  Spelt	  et	  al.,	  2000)	   is	  not	  caused	  by	  the	  unphysiologically	  high	  
level	   of	   AN2	   or	   AN4	   or	   other	   "artefacts",	   but	   reflects	   a	   regulatory	   interaction	   that	  
operates	   in	   at	   least	   some	   tissues	   (anthers)	   in	  wild	   type	  plants.	  Moreover,	   it	   shows	   that	  
AN2	   and	   AN4	   are	   sufficient	   for	   ectopic	   activation	   of	   AN1	   and,	   in	   concert	   with	   the	  
“constitutively”	  expressed	  AN11	  gene,	  	  for	  ectopic	  pigment	  synthesis.	  
The	  role	  of	  AN2/AN4	  as	  activators	  of	  AN1	  does	  not	  rule	  out	  that	  both	  MYBs	  are	  
directly	  involved	  in	  the	  activation	  of	  anthocyanins	  synthesis.	  In	  fact	  the	  available	  evidence	  
suggests	   that	   these	   MYBs	   have	   both	   functions	   and	   act,	   in	   combination	   with	   unknown	  
partners,	   as	   activators	   of	   AN1	   and	   subsequently	   as	   the	   partners	   of	   AN1,	   and	   possibly	  
AN11,	   in	   a	  MYB-­‐HLH-­‐WD40	  protein	   complex.	   Such	  a	   feed	   forward	   loop	   implies	   that	   the	  
activation	  of	  AN2	  or	  AN4	   triggers	   the	  expression	  of	   structural	  anthocyanin	  genes	  with	  a	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certain	   delay,	   because	   first	   sufficient	   AN1	   mRNA	   and	   protein	   needs	   to	   be	   synthesized	  
before	  efficient	  activation	  of	  structural	  anthocyanin	  genes	  can	  take	  place.	  The	  biological	  
relevance	   of	   this	   delay,	   if	   any,	   is	   difficult	   to	   envisage,	   because	   it	   is	   expected	   to	   be	  
relatively	  short	  (<	  24	  hrs)	  compared	  to	  the	  timescale	  of	  the	  development	  of	  a	  flower	  (~1	  
week)	   and	   because	   constitutive	   expression	   of	   AN1	   from	   a	   35S:AN1	   transgene	  
complements	   an1	   efficiently,	   but	   causes	   no	   obvious	   alterations	   in	   pigmentation	   of	   the	  
flower	  (Spelt	  et	  al.,	  2000).	  However,	   the	  delay	  caused	  by	  such	  a	   feed	  forward	   loop	  does	  
explain	   why	   constitutive	   AN2/AN4	   expression	   is	   sufficient	   for	   ectopic	   activation	   of	  
structural	   anthocyanin	   genes	   in	   leaves	   of	   transgenic	   plants,	   whereas	   in	   transient	  
expression	  assays,	  (e.g.	  via	  particle	  bombardment)	  which	  usually	  are	  performed	  in	  24	  hrs	  
or	   less,	  constitutive	  expression	  of	  AN2	  is	  not	  sufficient	  and	  a	  HLH	  partner,	  either	  AN1	  or	  
JAF13	  needs	  to	  be	  co-­‐expressed	  from	  a	  constitutive	  promoter	  as	  well	  (Quattrocchio	  et	  al.,	  
1998;	  Spelt	  et	  al.,	  2000).	  Furthermore,	  the	  finding	  that	  AN1	  activates	  DFR	  directly	  and	  that	  
AN2	   and	   AN4	   bind	   to	   AN1	   also	   suggest	   a	   role	   for	   AN2/AN4	   in	   the	   direct	   activation	   of	  
structural	  anthocyanin	  genes.	  
	   Given	   the	   strong	   evidence	   that	   AN2	   and	   AN4	   can	   act	   as	   activators	   of	   AN1	  
transcription,	   it	   remains	  puzzling	  why	  AN1	   expression	   is	   not	   affected	   in	   loss	  of	   function	  
mutants.	  Even	  though	  an2W115	  (Quattrocchio	  et	  al.,	  1999)	  and	  an4W115	  are	  null	  alleles,	  the	  
expression	   of	   DFR	   in	   the	   petal	   limb	   is	   reduced,	   as	   compared	   to	   wild	   type,	   but	   not	  
abolished,	  while	  AN1	  expression	  is	  not	  affected	  at	  all.	  This	  indicates	  that	  the	  role	  of	  AN2	  in	  
the	   activation	   of	   DFR	   is	   partially	   redundant	   with	   other	   genes	   or	   pathways	   that	   are	  
responsible	   for	   its	   residual	   expression	   in	   W115	   (an2an4)	   petal	   limbs	   and	   might	   be	  
sufficient	   for	   full	   expression	  of	  AN1.	   Because	   the	   silencing	  of	  MYBb1	   in	  W115	  petals	  by	  
35S:AN4RNAi	   completely	   abolishes	   (residual)	  DFR	   expression	   in	   the	   petal	   limb,	   the	  major	  
factor	   driving	   the	   residual	  DFR	   expression	   in	   petals	   appears	   to	   be	  MYBb1,	   although	  we	  
cannot	   fully	   exclude	   that	   the	   related	   PURPLE	   HAZE	   protein	   (Albert	   et	   al.,	   2011)	   also	  
contributes	  and	  is	  co-­‐silenced	  in	  35S:AN4RNAi	  lines.	  MYBb1	  is	  also	  partially	  redundant	  with	  
AN4	   in	   the	   anthers,	   as	   the	   small	   amount	   of	   residual	  DFR	   and	  AN1	  mRNAs	   expressed	   in	  
W115	   (an2an4)	   anthers,	   are	   completely	   abolished	   by	   silencing	   of	   MYBb1	   with	   a	  
35S:AN4RNAi	  transgene.	  However,	  even	  when	  in	  an2an4	  35S:AN4RNAi	  petals	  DFR	  expression	  
is	   completely	   down	   regulated,	   expression	   of	   AN1	   mRNA	   in	   this	   tissue	   is	   not	   affected,	  
remaining	   as	   high	   as	   in	   wild	   type	   petals.	   This	   suggests	   that,	   in	   the	   petal	   limb,	   AN1	   is	  
activated	  by	  a	  distinct	  pathway,	  and	  that	  AN2	  and	  MYBb1,	  although	  sufficiently	  abundant	  
in	  petal	  limbs,	  contribute	  little	  or	  nothing	  to	  the	  expression	  of	  AN1	  in	  this	  tissue.	  This	  may	  
be	  linked	  to	  the	  finding	  that	  the	  dominant	  negative	  MYBb1-­‐EAR	  protein	  can	  shut-­‐off	  the	  
AN4-­‐dependent	   activation	   of	   AN1	   in	   anthers,	   but	   not	   the	   AN2/MYBb1	   independent	  
activation	  of	  AN1	  in	  the	  petal	  tube.	  It	  is	  very	  unlikely	  that	  the	  35S	  promoter,	  used	  to	  drive	  
expression	   of	   MYBb1-­‐EAR,	   has	   insufficient	   activity	   in	   epidermal	   petal	   cells,	   as	   we	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successfully	   used	   this	   promoter	   to	   drive	   various	   anthocyanin	   genes	   and	   complement	  
corresponding	  pigmentation	  mutants	  (see	  e.g.	  Figure	  5;	  Quattrocchio	  et	  al.,	  1998;	  Spelt	  et	  
al.,	  2000;	  Verweij	  et	  al.,	  2008)	  and	  because	  a	  PH4-­‐EAR	  protein	  expressed	  from	  the	  same	  
promoter	   efficiently	   phenocopied	   ph4	   mutants	   (unpublished	   data).	   Hence	   it	   is	   more	  
probable	  that	  AN4-­‐EAR	  does	  not	  affect	  petal	  pigmentation	  because	  it	  fails	  to	  bind	  to	  one	  
or	  more	  target	  promoters	   in	  the	  petals,	  because	  the	  corresponding	  cis-­‐element	   is	   in	  this	  
tissue	   not	   accessible	   due	   to	   DNA	  methylation	   or	   chromatin	   structure,	   or	   because	   AN4-­‐
binding	  sites	  are	  occupied	  by	  other	  proteins	  that	  bind	  with	  higher	  affinity.	  	  
Since	   the	   ectopic	   expression	   of	   MYB	   proteins	   like	   AN4	   causes	   the	   ectopic	  
activation	  of	  their	  HLH	  partners	  and,	  consequently,	  also	  the	  structural	  anthocyanin	  genes,	  
the	  evolution	  of	  novel	  pigmentation	  patterns	  may	   take	  as	   little	  as	  a	   few	  changes	   in	   the	  
regulatory	  region	  of	  the	  MYB	  gene	  to	  create	  a	  cis-­‐element	  that	  responds	  to	  transcription	  
factors	   expressed	   in	   other	   tissues.	   Analysis	   of	   AN2/AN4	   homologs	   in	   tomato	   indicated	  
that	   such	   a	   scenario	   contributed	   to	   the	   appearance	   of	   new	   varieties	   that	   accumulate	  
anthocyanins	  in	  various	  vegetative	  tissues	  and	  in	  the	  fruit	  (chapters	  4	  and	  5).	  In	  the	  same	  
way	   ancestral	   Petunia	   species	   may	   have	   acquired	   pigmented	   anthers.	   However,	   it	   is	  
important	   to	   note	   in	   this	   respect	   that	   in	   most	   species	   the	   MYB-­‐HLH-­‐WDR	   complex	  
activates	  only	  “late”	  structural	  gene	   that	  are	   involved	   in	   late	  biosynthetic	   steps	   that	  are	  
specific	  for	  anthocyanins,	  whereas	  ‘early”	  genes	  such	  as	  CHSa	  and	  CHI,	  encoding	  enzymes	  
that	   generate	   the	   precursors	   of	   many	   different	   flavonoids,	   including	   anthocyanins,	   are	  
regulated	   independently	   (Martin	  et	  al.,	   1991;	  Quattrocchio	  et	  al.,	   1993;	  Quattrocchio	  et	  
al.,	   1998).	   Consequently	   a	   shift	   in	   the	  MYB	   expression	   pattern	   can	   only	   pigment	   novel	  
tissues,	  in	  which	  the	  “early”	  steps	  of	  the	  pathway	  are	  already	  active.	  
	  
	  
Material	  and	  methods	  
	  
Petunia	  lines	  and	  relevant	  genotypes	  	  
The	  petunia	  (Petunia	  hybrida)	  lines	  used	  were:	  R27	  (AN1,	  AN2,	  an4,	  PH4),	  V30	  (AN1,	  AN2,	  
AN4,	  PH4);	  W242	  (an1,	  AN2,	  an4,	  PH4);	  R149	  (AN1,	  AN2,	  an4,	  ph4);	  W115	  (AN1,	  an2,	  an4,	  
PH4)	  V26	  (AN1,	  AN2	  an4).	  Further	  details	  on	  these	  lines	  and	  mutants	  alleles	  can	  be	  found	  
in	  elsewhere	  (de	  Vetten	  et	  al.,	  1997;	  Quattrocchio	  et	  al.,	  2006c;	  Quattrocchio	  et	  al.,	  1993;	  
Spelt	   et	   al.,	   2000;	   Spelt	   et	   al.,	   2002).	   The	   35S:AN2	   transgenic	   plants	   were	   created	   in	   a	  
W115	  genetic	  background	  as	  described	  (Quattrocchio	  et	  al.,	  1998).	  
To	   introduce	   the	  mybb2R27	   int	   an	  AN4+	   background	  we	   crossed	   lines	   R27	   (an4)	  
and	   V30	   (AN4)	   and	   backcrossed	   the	   F1	   (AN4an4)	   to	   R27.	   Because	   this	   backcross	  
segregates	   for	   HF1	   (encoding	   Flavonone	   3'5'	   hydroxylase)	   and	   AN4,	   which	   are	   both	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needed	   for	   anther	  pigmentation,	  we	   selected	   the	   sought	  AN4an4	   (colored	  anthers)	   and	  
an4an4	  (yellow	  anthers).	  
Analysis	  of	  DNA	  and	  protein	  sequenc	  
DNA	   sequences	  were	   determined	   as	   described	   elsewhere	   (Spelt	   et	   al.,	   2002).	   DNA	   and	  
protein	  sequences	  were	  analysed	  with	  the	  program	  Vector	  NTI	   (Invitrogen,	  Carlsbad	  CA,	  
USA).	  Multiple	  sequence	  alignments	  were	  produced	  with	  ClustalW	  algorithm	  in	  the	  MEGA	  
4.1	   software	   package	   (Tamura	   et	   al.,	   2007)	   or	   a	   web-­‐based	   version	  
(http://www.ebi.ac.uk/clustalw).	   Sequence	   alignments	   were	   shaded	   using	   Boxshade	  
(http://www.ch.embnet.org/software).	   The	   phylogenetic	   tree	   was	   constructed	   with	   the	  
Minimum	  Evolution	  Tree	  method	  of	  Mega	  4.1	  using	  only	  the	  conserved	  MYB	  domains	  of	  
the	   following	   genes	   and	   Genbank	   accession	   numbers:	   StAN1,	   AAX53089.1	   (Jung	   et	   al.,	  
2009);	   SlANT1	   AAQ55181.1	   (Borovsky	   et	   al.,	   2004);	   SlANT1-­‐like	   (chapter	   5);	   SlAN2	  
(Chapter	  5);	  StAN2,	  AAX53091.1	  (Jung	  et	  al.,	  2009);	  CaAN2,	  CAE75745.1	  (Borovsky	  et	  al.,	  
2004);	  PhAN2,	  ABO21074.1	  (Quattrocchio	  et	  al.,	  1999);	  PhPHZ,	  ADQ00391.1	  (Albert	  et	  al.,	  
2011);	   PhMYBb2/AN4,	   ADQ00392.1	   (this	   study).	   PhMYBb1/DPL	   (this	   study);	   NtAN2,	  
ACO52470.1	  (Pattanaik	  et	  al.,	  2010);	  VvMYBA1,	  XP_002265406.1	  (predicted	  by	  automated	  
computational	   analysis).	   VvMYBA2,	   BAD18978.1	   (Kobayashi	   et	   al.,	   2004).	   VvMYBA3,	  
BAD18979.1	   (Kobayashi	   et	   al.,	   2004).	   AmVEN,	   ABB83828.1	   (Schwinn	   et	   al.,	   2006);.	  
AmROS1,	  ABB83826.1	  Schwinn	  et	  al.,	  2006;	  AmROS2,	  ABB83827.1	  (Schwinn	  et	  al.,	  2006);	  
AtPAP1,	  AAG42001.1	   (Borevitz	  et	  al.,	  2000);	  AtPAP2,	  AAG42002.1	   (Borevitz	  et	  al.,	  2000);	  
PhPH4,	   AAY51377.1	   (Quattrocchio	   et	   al.,	   2006c);	   AtMYB5,	   AEE75369.1	   (Stracke	   et	   al.,	  
2001);	   PhODO1,	   AAV98200.1	   (Verdonk	   et	   al.,	   2005);	   PhMYB1,	   CAA78386.1	   (Avila	   et	   al.,	  
1993);	  AmMIXTA,	  CAA55725.1	  (Noda	  et	  al.,	  1994).	  
	  
Yeast	  two	  hybrid	  (Y2H)	  experiments	  
Yeast	   strain	   PJ69a	   (James	   et	   al.,	   1996)	   harbouring	   a	   plasmid	   expressing	   AN11-­‐238GAL4BD	  
was	  transformed	  with	  a	  yeast	   two-­‐hybrid	  cDNA	   library	  prepared	  from	  petunia	  R27	  petal	  
mRNA	  (Kroon,	  2004)	  using	  the	  Lithium	  acetate	  method	  (Gietz	  et	  al.,	  1992).	  Primary	  yeast	  
transformants	  were	  grown	  on	  selective	  plates	  lacking	  leucine,	  tryptophane	  and	  histidine.	  
After	   about	   1	  week	   of	   growth	   the	   colonies	  were	   replica	   plated	   using	   velvet	   cloth	   onto	  
selective	   plates	   lacking	   leucine,	   adenine,	   histidine	   and	   adenine.	   Colonies	   that	   appeared	  
were	  picked	  and	  grown	  for	  plasmid	  recovery.	  Plasmids	  from	  transformants	  selected	  with	  
the	   second	   selection	   were	   purified	   from	   E.coli	   and	   tested	   in	   a	   retransformation	  
experiment	  to	  confirm	  the	  interaction..	  Yeast	  two-­‐hybrid	  	  assays	  on	  strains	  co-­‐expressing	  
two	  defined	  proteins	  were	  done	  as	  described	  previously	  (Quattrocchio	  et	  al.,	  2006c).	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To	  construct	  MYBb1-­‐GAL4AD,	  	  we	  amplified	  the	  MYBb1	  coding	  sequence	  from	  R27	  
petal	   cDNA	   in	   pAD-­‐GAL4	   (Stratagene)	   using	   primers	  
ATGAATTCATGAATACTTCTGTTTTTACGTC	   and	   GACTCGAGTCGACATCGATTTTTTTTTTTTTTT,	  
and	   ligated	   it	   as	   an	   EcoRI-­‐XhoI	   fragment	   in	   the	   EcoRI	   and	   SAlI	   site	   of	   	   pAD-­‐GAL4	  
(Stratagene).	  	  	  
To	  generate	   the	  AN4-­‐GAL4AD	   construct	  we	  amplified	   the	  AN4	   coding	   sequence	   from	  V30	  
petal	   cDNA	   using	   primers	   ATGAATTCATGAAAACTTCTGTTTTTACGTC	   and	  
GACTCGAGTCGACATCGATTTTTTTTTTTTTTT	  and	  ligated	  it	  as	  an	  EcoRI-­‐XhoI	  fragment	  in	  the	  
EcoRI	  and	  SAlI	  site	  of	  	  pAD-­‐GAL4	  (Stratagene).	  
To	  generate	  AN11-­‐GAL4BD	  we	  amplified	  the	  AN11	  coding	  sequence	  from	  V30	  petal	  
cDNA	  in	  using	  primers	  TCGAATTCATGGAAAATTCAAGTCAAGAATC	  and	  TCCTCGAGCTTAT	  
ACTTTAAGCAATTGCA	  and	  ligated	  it	  as	  an	  EcoRI-­‐XhoI	  fragment	  in	  the	  EcoRI	  and	  SAlI	  site	  of	  	  
pBD-­‐GAL4.	  Fro	  PCR	  amplication	  a	  proofreading	  polymerase	  was	  used,	  and	  constructs	  were	  
resequences	  to	  ensure	  that	  not(PCR)	  errors	  had	  occurred.	  Y2H	  plasmids	  expressing	  AN11-­‐
238GAL4BD,	   JAF131-­‐234GAL4BD,	   AN2-­‐GAL4,	   AN1-­‐GALBD	   and	   AN1-­‐GAL4AD	   are	   described	  
elsewhere(Quattrocchio	  et	  al.,	  2006c).	  
	  
DNA	  and	  RNA	  methodology	  
Plant	   DNA	   and	   RNA	   isolations,	   reverse	   transcription,	   PCR	   reactions	   and	   DNA-­‐	   gel-­‐blot	  
analyses,	   were	   performed	   as	   described	   previously	   (de	   Vetten	   et	   al.,	   1997,	   Spelt	   2000,	  
2002,	  Quattrocchio	  et	  al,	  2006).	  
Primers	   used	   for	   RT-­‐PCR	   analysis	   are	   listed	   in	   in	   Table	   1.	   For	  DFR,	  GAPDH	   and	  
AN1,	  MYBb1	  and	  MYBb2/AN4	   respectively	   18,	   16,	   26,	   26	   and	  20	   cycles	   of	   amplification	  
were	  used	  in	  the	  RT-­‐PCRs,	  except	  where	  indicated	  differently.	  RT-­‐PCR	  products	  were	  size-­‐
separated	   and	   detected	   by	   hybridization	   using	   a	   mixed	   32P-­‐labelled	   probe.	   Radioactive	  
hybridisation	   products	   were	   detected	   using	   a	   Phosphor	   imager	   (Molecular	   dynamics,	  
Sunnyvale,	  CA).	  Amplification	  of	  genomic	  DNA	  fragments	   for	  sequencing	  was	  performed	  
using	  the	  primers	  displayed	  in	  table	  1.	  
Quantitative	  RT-­‐PCR	  amplification	  (qPCR)	  was	  performed	  using	  an	  Opticon	  1	  real-­‐time	  PCR	  
machine	   (MJ	   Research)	   using	   Opticon	   Monitor	   software.	   PhEF1α	   was	   used	   as	   an	  
endogenous	  control.	  Specific	  primers	   for	  each	  gene	  were	  used	  (Table	  2).	  qPCR	  reactions	  
were	  carried	  out	  using	  a	  Sensimix	  Sybr	  No-­‐Rox	  kit	  (Bioline),	  10	  ng	  of	  cDNA	  template,	  and	  
4.5	   pmol	   gene-­‐specific	   primers	   in	   a	   final	   reaction	   volume	   of	   15	   µl.	   The	   relative	  
quantitation	   of	   each	   individual	   gene	   expression	   was	   performed	   using	   the	   geometric	  
averaging	  method	  (geNorm)	  (Vandesompele	  et	  al.,	  2002).	  
	  
Cloning	  procedure,	  plasmid	  construction,	  and	  tomato	  transformation	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All	  recombinations	  in	  the	  next	  part	  were	  carried	  out	  with	  BP	  or	  LR	  clonase	  in	  Gateway	  or	  
Gateway	  compatible	  vectors	  (Invitrogen	  or	  RU	  Ghent).	  All	  PCR	  amplifications	  on	  cDNA	  or	  
genomic	  DNA	  were	  performed	  with	  Phusion®	  High-­‐Fidelity	  DNA	  Polymerase”	  (Finnzymes,	  
Ratastie	  2,	  01620	  Vantaa,	  Finland).	  As	  templates	  were	  used	  genomic	  DNA	  and	  cDNA	  from	  
petals	  of	  line	  V30.	  
The	  AN4V30	  fragment	  used	  for	  the	  complementation	  was	  amplified	  with	  primers	  
containing	  attB-­‐1	  and	  -­‐2	  recombination	  sites	  (highlighted	  below	  by	  underlining):	  
AN4_FW:	  GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATCCGAAAAAAATGGGTA	  
AN4_RV:	  GGGGACCACTTTGTACAAGAAAGCTGGGTTCAGTGCAGTTGCTTCAACAA	  
Entry	  clones	  were	  obtained	  by	  BP	  recombination	  of	  the	  PCR	  product	  and	  vector	  
pDONR221	  P1-­‐P2.	  The	  resulting	  pEntry	  construct	  was	  then	  recombined	  with	  pKGW,0	  (RU	  
Ghent;	   www.psb.ugent.be/gateway/)	   using	   LR	   clonase.	   The	   resulting	   construct	   was	  
transformed	  in	  A.tumefaciens	  and	  used	  for	  transformation	  of	  plants.	  
The	  35S:GFP-­‐AN2	  construct	  was	  obtained	  by	  amplification	  of	  the	  AN2	  CDS	  with	  
Primer	   set	   #9	   (GFP)AN2,	   followed	   by	   digestion	   with	   NcoI	   and	   XbaI,	   and	   ligated	   in	  
pENTR4(Invitrogen)	   using	   the	   same	   restriction	   enzymes.	   This	   entry	   clone	   was	  
recombined	  in	  destination	  vector	  pK7WGF2(RU	  Ghent)	  using	  LR	  Clonase,	  resulting	  in	  the	  
35S:GFP-­‐AN2	  construct.	  
To	  generate	  the	  35S:AN2-­‐GFP	  construct	  we	  amplified	  the	  AN2	  coding	  sequence	  
from	   a	   cDNA	   clone	   with	   Primer	   set	   #10	   AN2(GFP),	   inserted	   it	   in	   pENTR/D	   by	   TOPO	  
cloning	   and	   recombined	   this	   entry	   with	   the	   destination	   vector	   pK7FWG2	   (RU	   Ghent)	  
using	  LR	  Clonase,	  resulting	  in	  35S:AN2-­‐GFP.	  	  
To	   generate	   the	   35S:GFP-­‐AN4	   we	   amplified	   the	  AN4	   coding	   sequence	   from	   a	  
cDNA	  clone	  with	  with	  Primer	  set	  #11	  (GFP)AN4,	  inserted	  it	  in	  pENTR/D	  by	  TOPO	  cloning	  
and	   recombined	   this	   entry	   with	   the	   destination	   vector	   pK7FWG2	   (RU	   Ghent)	   using	   LR	  
Clonase,	  resulting	  in,	  resulting	  in	  the	  35S:GFP-­‐AN4	  construct.	  
To	   generate	   the	   35S:AN4-­‐GFP	   we	   amplified	   the	  AN4	   coding	   sequence	   from	   a	  
cDNA	  clone	  with	  Primer	  set	  #12	  AN4(GFP),	   inserted	  it	   in	  pENTR/D	  by	  TOPO	  cloning	  and	  
recombined	   this	   entry	   with	   the	   destination	   vector	   pK7FWG2	   (RU	   Ghent)	   using	   LR	  
Clonase,	  resulting	  in	  	  the	  35S:AN4-­‐GFP	  construct.	  
To	   generate	   the	   35S:AN4RNAi	   we	   amplified	   the	   AN4	   coding	   sequence	   from	   a	  
cDNA	   clone	   with	   Primer	   set	   #13	   AN4(IR),	   and	   ligated	   it	   as	   an	   ECORI-­‐XhoI	   fragment	   in	  
pENTR4(Invitrogen)	  which	  had	  been	  cut	  with	  	  the	  same	  This	  entry	  clone	  was	  recombined	  
in	   destination	   vector	   pK7GWIWG2(I)	   (RU	   Ghent)	   using	   LR	   Clonase,	   resulting	   in	   the	  
35S:AN4RNAi	  construct.	  
To	  generate	  the	  35S:MYBb1-­‐EAR	  we	  amplified	  the	  MYBb1	  coding	  sequence	  from	  
a	  cDNA	  clone	  with	  Primer	  set	  #14	  MYBB1(EAR),	  ligated	  as	  an	  NcoI	  and	  BamHI	  fragment	  in	  
pENTR4	   already	   containing	   the	   NtEAR(NtERF3)	   fragment.	   This	   entry	   clone	   was	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recombined	   in	   destination	   vector	   pK2GW7,0	   (RU	  Ghent)	   using	   LR	   Clonase,	   resulting	   in	  
the	  35S:MYBB1-­‐EAR	  construct.	  
	  
Analysis	  of	  the	  methylation	  level	  of	  different	  AN4	  alleles	  
1µg	  genomic	  DNA	  extracted	  from	  petal	  (opening	  flower)	  or	  anther	  (from	  2-­‐5mm	  flower	  
buds)	   tissue	   of	   petunia	   lines	   V26(an4),	   V30(AN4),	   M1xV30(AN4)	   and	   V23(AN4)	   was	  
digested	   with	   20units	   HpyCH4IV	   (A/CGT)	   overnight	   in	   100µl	   restriction	   buffer	  
L+BSA(0.1µg/	  µl).	  After	  precipitation	  50ng	  digested	  DNA	  were	  used	  per	  PCR	  of	  25µl.	  	  
In	  order	  to	  cover	  all	  HpyCH4IV	  sites	  8	  sets	  of	  primers	  (#15-­‐22)	  were	  used.	  
PCR	  procedure	  was	  standard:	  30	  cycles	  with:	  30sec	  96ºC;	  30sec	  55ºC;	  60sec	  72ºC.	  	  
PCR	  products	  were	  run	  on	  1%	  agarose	  gels	  and	  analyzed.	  
	  	  
Petunia	  transformation	  
Transgenic	   plants	   of	   petunia	   were	   obtained	   by	   Agrobacterium	   tumefaciens–mediated	  
leaf	  disc	  transformation	  (Quattrocchio	  et	  al.,	  2006b)	  using	  the	  inbred	  an2	  an4	  line	  W115	  
(also	  known	  as	  Mitchell	  or	  Mitchel	  diploid)	  or	  the	  wild	  type	  F1	  hybrid	  M1	  x	  V30	  as	  a	  host.	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Table	  1.	  Primers	  used	  for	  RT-­‐PCR	  analysis.	  	  
	  
Name	  	   Position	   Sequence	  
MYBb	  R27	   1F	  seq	   GCTTCTCCTCCCCAGC	  
MYBb	  R27	   2R	  seq	   CCGTTGCAGTTATCC	  
MYBb	  R27	   3F	   GGAAAGGAGCATGGGCTGA	  
MYBb	  R27	   4R	   TCATATATCTGAGTAATTCATTGG	  
MYBb	  R27	   race	  1	   TGTTGAAGAGCTTTCAGGTGCTGC	  
MYBb	  R27	   rev	   CTCTAACAGGAACTTGATGC	  
MYBb	  R27	   R27	  intron1	  rev	   AGTCAAGGTGCTTATACGATACTAGA	  
MYBb	  R27	   prom.	  rev.	  R27	   GCCAACACAAAGATAACTTGAG	  
MYBb	  R27	   exon	  1F	   GGCTGAAGAAGAAGATATTCTCTTA	  
MYBb	  R27	   stopR2	   TATCTGAGGAATTCATTGGAGTAGC	  
MYBb	  R27	   leader	   TAGAATGATGTGTTCACAGCTACT	  
AN4	  /MYBb	   Dual	  ATG+	  EcoR1	   ATGAATTCATGAAWACTTCTGTTTTTACGTC	  
an4	  	   an4	  Act.dom.	   ATGAATTCGCTCCTCCTCAGCAACACGAT	  
an4	  	   an4	  V30	  BDRev	   TCTCTCGAGTTGCTGAGGAGGAGC	  
an4	   an4	  Stop	   TTTCTCGAGTAATTCATTATAGTAATTCCCAGA	  
an4	   an4	  V30	  intron	  1FW	   GCTAAACCTCTGTAAGGAAT	  
an4	   an4	  R27	  intron1	  FW	   CTAACCCTCTATAAGGAACC	  
an4	   an4	  R27	  intron1	  rev	   TCCTTGCTCAGTGCGCACTTTCTT	  
an4	   an4	  R27	  tail	  rev	   GATTACGTCACAATTACAAGTTT	  
an4	   an4	  V30	  tail	  rev	   GATTACGTCACAATTACAAGTTC	  
an4	   an4	  V30+R27tail	  rev	   CTCGAGATTACGTCACAATTACAAGT	  
an4	   an4	  exon	  2f	   TAAAGGAGGTGACTTCTCTCCA	  
an4	   an4	  intron	  2f	   CGCTCATAAAAATGAAATTAGTTG	  
an4	   an4	  prom.R27F	   GCTTTGAACAAGTTTTGTTCAAG	  
an4	   an4	  prom.R27R	   TCGCTGAGAAATAGTCACCTC	  
an4	   an4	  prom.-­‐120bp	  Rev	   CTAACGTGGACAACATTAAGTGC	  
an4	  V30	   an4	  V30	  leader	   GAAGATAGAATATTCACAGCTACC	  
an4	  R27	   an4	  R27	  leader	   AAGATAGAATGTCCACAGCTACG	  
AN1	   	   TAGGATCCAGCCTTATCTGAGCACT	  
AN1	   	   GGGAATTCTATGGTGTCACCAAG	  
AN4	  (MYBb2-­‐V30)	   	   TGATCTAGAATGAATACTTCTGTTTTTACGTCG	  
AN4	  (MYBb2-­‐V30)	   	   GATTACGTCACAATTACAAGTTC	  
AN4	  (MYBb2-­‐R27)	   	   TGATCTAGAATGAATACTTCTGTTTTTACGTCG	  
AN4	  (MYBb2-­‐R27)	   	   GATTACGTCACAATTACAAGTTT	  
DFR	   	   ACAATGTTCACGCTACTGTTC	  
DFR	   	   GTAGGAACATAGTACTCTGG	  
UBI-­‐LIG	  (UBCO)	   	   GCTCTAGAATGCAGATCTTTGTCAAGACC	  
UBI-­‐LIG	  (UBCO)	   	   GCTCTAGAGGCACCACGGAGACGGAGGAC	  
GAPDH	   	   GGTCGTTTGGTTGCAAGAGT	  
GAPDH	   	   CTGGTTATTCCATTACAACTAC	  
MYBb	   	   TGATCTAGAATGAATACTTCTGTTTTTACGTCG	  
MYBb	   	   TGAGGTACCCATTGGAGTAGCAATTCCCAG	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Table	  2.	  Primers	  sets	  used	  for	  qPCR,	  generation	  of	  constructs	  and	  mtheylation	  analysis.	  
	  Set	   Gene	   Forward	  primer.	   Reverse	  primer	  
1	   EF1Α	   CCTGGTCAAATTGGAAACGG	   CAGATCGCCTGTCAATCTTGG	  
2	   GFP	   GTACAACTACAACAGCCACAACG	   GATCTTGAAGTTCACCTTGATGC	  
3	   DFR	   TCATTTGCTCGTCCCACCATGC	   TGGCCATTTCTCTCGGACCATC	  
4	   AN2	   GCATGAGGAAACAGCACCATCG	   AAGCCACTTCCTCCTCCTTGAG	  
5	   AN1	   TAGAGCCAATCAGACGGAGGCTAC	   CCCTTCCTTGCAACACCTTCAC	  
6	   MYBB1	   GTATTGAGAAGTACGGGGAAGGA	   GCAGCTCTTCCTGCATCTATTTA	  
7	   AN4	   AAAGTGGCATCAAGTTCCTGTTA	   AATTCATCCACCTTAGTCTGCAA	  
8	   PH5	   TAGCAATCCTAAATGATGGCACT	   CAACTATCAGGTCTTGGAGATGG	  
9	   (GFP)AN2	   AAACCATGGTCATGAGTACTTCTA	  
ATGCAA	  
TAATCTAGATCTCTTCAATGGTCC	  
CAATTA	  
10	   AN2(GFP)	   CACCATGAGTACTTCTAATGCATCA	  
AC	  
ACTAACTAAATCCCATATGTCATC	  
AA	  
11	   (GFP)AN4	   caccATGAAAACTTCTGTTTTTACGT	  
CGTC	  
TAGTAATTCCCAGAGGTCAGCAT	  
C	  
12	   AN4(GFP)	   caccATGAAAACTTCTGTTTTTACGT	  
CGTC	  
GATTACGTCACAATTACAAGTTC	  
13	   AN4(IR)	   ATGAATTCGCTCCTCCTCAGCAAC	  
ACGAT	  
CTCGAGATTACGTCACAATTAC	  
AAGT	  
14	   MYBB1(EAR)	   CGTCCATGGTCATGAATACTTCTG	  
TTT	  
AGTGGATCCTTGGAGTAGCAAT	  
TCCCAGAG	  
15	   AN4-­‐2.3kb	   TCCTCTCCATTACCTAGTGTCT	   CAACCAAATTTCATCCCTCCTCCT	  
16	   AN4-­‐1.6kb	   GGTATTCAGTGACATATTTTAACTT	   GGGGAAGAGAATAAGTCATAT	  
ATATTAAAGACTAG	  
17	   AN4-­‐745bp	   AACTTCAAACTTTCTATTGGATCTT	   AGCACTTCAAGTTATCTGGAGA	  
G	  
18	   AN4-­‐345bp	   GTATAAATTGACAAGTGCTGCAAG	   ATGGAATAGTCCTCTCTAGA	  
CTG	  
19	   AN4-­‐128bp	   CTGTAGGACAATTGAAAGATAACA	   GATCTCAGGTAGCTGTGAATA	  
TTCTATCTTC	  
20	   AN4+19bp	   GAAGATAGAATATTCACAGCTACC	   TCCTTGCTCAGTGCGCACTTT	  
CTT	  
21	   AN4+916bp	   ATGAATTCGCTCCTCCTCAGCAAC	  
ACGAT	  
CTTGTGTATAGTACTGACGTT	  
ATTC	  
22	   AN4+1.0kb	   ATGAATTCGCTCCTCCTCAGCAA	  
CACGAT	  
TAGTAATTCCCAGAGGTCAGCA	  
TC	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Supplementary	   Figure	   S1.	   Sequence	   comparison	   of	   the	   coding	   sequences	   of	  MYBb1/DPL,	  
MYBb2/	  AN4.	  
The	  nucleotide	  sequences,	  determined	  for	  the	  V30	  alleles,	  were	  aligned	  using	  the	  clustalW	  
program.	   The	   conserved	   nucleotides	   are	   boxed	   in	   black.	  Note	   the	   9	   bp	   insertion	   in	  mybB	  
relative	  to	  mybB2.	  The	  position	  of	  the	  introns	  is	  marked	  above	  the	  sequences.	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Chapter	  7	  
	  
Gene	   ‘swapping’	   for	   the	   study	   of	   alterations	   generating	   pigmentation	  
patterns	  in	  plants	  
with	  Cornelis	  Spelt,	  Simona	  Cardellicchio,	  Ronald	  Koes	  and	  Francesca	  Quattrocchio	  
	  
	  
Abstract	  
The	   genetic	   mechanism	   generating	   variation	   among	   organisms	   is	   still	   a	   matter	   of	  
animated	   debate	   in	   evolutionary	   biology.	   Anthocyanin	   pigmentation	   in	   plants	   is	   a	   good	  
model	   to	  attempt	  the	  definition	  of	   the	  genetic	  changes	  generating	  new	  patterns.	   In	   this	  
chapter,	  we	   studied	   anthocyanin	   ‘master’	   regulators	   -­‐at	   the	   top	   of	   the	   hierarchy	   in	   the	  
regulatory	   network-­‐	   from	   different	   plant	   species,	   to	   assess	   whether	   changes	   in	   cis-­‐
elements	  in	  the	  regulatory	  region	  of	  such	  genes,	  rather	  than	  changes	  in	  their	  regulators	  -­‐
one	   level	   up	   in	   the	   regulatory	   cascade-­‐	   are	   the	   reason	   of	   the	   appearance	   of	   new	  
pigmentation	  patterns.	  For	  this	  purpose,	  we	  “swapped”	  genomic	  fragments	  encoding	  for	  
anthocyanin	  MYB	  regulators,	  among	  different	  species.	  The	  activity	  of	  the	  transgenes	  was	  
then	  monitored	  through	  the	  activity	  of	  the	  GUS	  reporter	  gene	  contained	  in	  the	  constructs.	  
The	  display	  of	  different	  pigmentation	  patterns	  is	  coupled	  with	  different	  expression	  of	  the	  
MYB	  genes	  and	  	  the	  ectopic	  expression	  of	  the	  same	  MYBs	  results	  in	  ectopic	  anthocyanin	  
accumulation.	  Therefore	  we	  expect	  that	  changes	  in	  the	  expression	  of	  the	  MYB	  regulators	  
are	   at	   the	   basis	   of	   the	   acquisition	   of	   new	   pigmentation	   phenotypes.	   If	   the	   different	  
expression	   patterns	   are	   the	   result	   of	   altered	   cis-­‐regulatory	   elements,	   each	   gene	   should	  
maintain	   its	   own	  expression	   in	   a	   heterologous	   host,	   but	  when	   it	   higher-­‐level	   regulators	  
are	  responsible	  for	  the	  variation,	  the	  transgene	  will	  mimic	  the	  expression	  pattern	  of	  the	  
endogenous	  gene	  of	  the	  host.	  
The	  preliminary	  results	  reported	  here	  suggest	  that	  the	  second	  scenario	  is	  the	  most	  likely	  
one,	  although	  additional	  characterisation	  of	  the	  transgenic	  plants	  needs	  to	  be	  carried	  out.	  
	  
Introduction	  
The	   study	   of	   the	   evolution	   of	   development	   (EvoDevo),	   aims	   	   to	   understand	   how	   DNA	  
sequence	   changes	   have	   directed	   the	   evolution	   of	   morphological	   diversity.	   The	   central	  
question	  is	  how	  alterations	  in	  deeply	  conserved	  “master	  genes”	  or	  toolkit	  genes	  can	  have	  
generated	  during	  evolution	  the	  enormous	  variety	  of	  shapes,	  colours,	  and	  structures	  that	  
can	  be	  observed	   in	  nature.	   The	  HOX	  genes	  of	   animals	  provide	  a	   typical	   example	  of	   this	  
paradox,	   as	   they	   encode	   deeply	   conserved	   (and	   often	   interchangeable)	   transcription	  
factors	  that	  direct	  the	  development	  of	  body	  segments	  with	  widely	  different	  morphologies	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in	  distinct	  species.	  Therefore,	  it	  is	  thought	  that	  the	  main	  source	  of	  morphological	  variation	  
comes	   from	  alterations	   in	   the	  expression	  of	   the	   conserved	   toolkit	   genes,	   rather	   than	   in	  
differences	  in	  encoded	  proteins.	  	  
According	   to	   the	   current	   genetic	   theory,	   which	   is	   mostly	   based	   on	   work	   in	  
animals,	  form	  evolves	  largely	  by	  altering	  the	  expression	  patterns	  of	  functionally	  conserved	  
proteins.	  However,	  whether	  such	  changes	  occur	  primarily	  via	  alterations	  in	  cis-­‐regulatory	  
elements	  or	  trans-­‐acting	  regulatory	  proteins,	  like	  transcription	  factors,	  is	  subject	  of	  fierce	  
debate	  (Carroll,	  2008).	  	  
In	  the	  plant	  kingdom,	  considerable	  variation	  can	  be	  observed,	  for	  example	  in	  the	  
architecture	   of	   the	   plant	   body,	   the	   size	   and	   shape	   of	   organs,	   but	   also	   metabolite	  
accumulation,	   and	   pigmentation	   patterns	   (chapter	   2;	   Martin	   et	   al.,	   2010).	   Cis-­‐acting	  
motifs	   could	  play	  a	   crucial	   role	  also	   in	  plants,	   regardless	  of	   the	  changes	   in	   the	  products	  
encoded	  by	  genes.	   In	  other	  words,	  the	  action	  of	  evolution	   in	  plants	  could	  be	  dependent	  
on	   variation	   in	   cis-­‐acting	   regulatory	   elements	   rather	   than	   the	   products	   that	   the	   genes	  
encode.	  Unfortunately,	  supporting	  evidences	  for	  this	  evolutionary	  mechanism	  need	  to	  be	  
found,	  since	  it	  is	  difficult	  to	  assess	  if	  the	  evolution	  of	  cis-­‐acting	  motifs	  has	  major	  influence	  
than	  the	  changes	  in	  the	  proteins	  encoded	  by	  those	  genes	  (Martin	  et	  al.,	  2010).	   It	  should	  
also	   be	   considered	   that	   the	   expression	   of	   a	   particular	   gene	   can	   result	   from	   alterations	  
either	   in	   its	  cis-­‐regulatory	  sequences	  and	  /or	  alterations	  in	  the	  deployment	  and	  function	  
of	  the	  transcription	  factors	  that	  control	  the	  gene’s	  expression	  (Gompel	  et	  al.,	  2005).	  
In	   this	  work,	  we	   focused	  on	   the	   differentiation	   of	   pigmentation	   patterns,	   since	  
pigmentation	   represents	  a	  good	  model	   to	   study	   the	  genetic	   changes	   that	  generate	  new	  
patterns	  in	  plants,	  with	  the	  advantage	  that	  variations	  can	  just	  easily	  identified	  by	  eye	  (see	  
also	   chapter	   2).	   In	   particular,	   we	   studied	   the	   specification	   of	   anthocyanins,	   which	   are	  
important	  and	  ubiquitous	  molecules	  that	  provide	  the	  red/purple/blue	  colours	  familiar	   in	  
many	   flowers	   and	   fruits	   (Holton	   and	  Cornish,	   1995).	   Anthocyanin	   biosynthesis	   is	   crucial	  
for	  the	  attraction	  of	  pollinators	  and	  seed	  dispersers,	  for	  the	  signalling	  of	  fruit	  quality,	  and	  
protection	   against	   predators	   and	  other	   stresses	   (Willson	   and	  Whelan,	   1990;	   Smillie	   and	  
Hetherington,	  1999;	  Neill	  and	  Gould,	  2003).	  Anthocyanin	  pigmentation	  patterns	  and	  their	  
specification	  in	  different	  species	  are	  described	  in	  detail	  in	  chapter	  2.	  	  
To	  approach	  the	  study	  of	  the	  mechanisms	  that	  generated	  pigmentation	  patterns,	  
we	  need	  to	  identify	  the	  genes	  representing	  the	  best	  candidates	  for	  	  “master	  regulators”.	  
Such	   regulators	   are	   genes	   (see	   also	   chapter	   2)	   that,	   if	  mutated	   in	   activity	  or	   expression	  
pattern	  can	  	  give	  rise	  to	  completely	  new	  patterns	  of	  accumulation	  of	  the	  final	  product.	  It	  is	  
known	   that	   transcription	   factors	   belonging	   to	   the	  MYB	   class,	   together	  with	   basic	   helix-­‐
loop-­‐helix	  (bHLH)	  and	  WD40	  proteins,	  form	  a	  complex	  (MBW	  complex)	  that	  regulates	  the	  
expression	   of	   anthocyanin	   biosynthetic	   genes	   (Koes	   et	   al.,	   2005).	   Among	   these	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anthocyanin	   regulators,	   the	  MYB	   genes	   look	   like	   the	   best	   candidate	  master	   regulators,	  	  
according	  to	  	  the	  following	  considerations:	  
- R2R3-­‐MYB	   transcription	   factors	   belonging	   to	   the	   PhAN2	   clade	   regulate	  
anthocyanin	   biosynthesis	   in	   all	   analyzed	   plant	   species	   (Allan	   et	   al.,	   2008),	   and	  
even	   small	   changes	   in	   these	   proteins	   can	   have	   a	   strong	   effect	   on	   phenotype	  
(Schwinn	  et	  al.,	  2006);	  
- there	  is	  much	  experimental	  evidence	  that	  the	  expression	  of	  one	  such	  MYB	  gene	  
alone	  is	  enough	  to	  trigger	  pigmentation	  in	  virtually	  any	  tissue	  of	  different	  species	  
(see	  chapters	  5	  and	  6	  of	  this	  thesis);	  	  
- MYB	   proteins	   are	   functionally	   extremely	   conserved	   and	   interchangeable	   even	  
among	   very	   distantly	   related	   species	   (e.g.	   the	   PhAN2	   protein	   is	   functionally	  
interchangeable	  with	  C1	  from	  maize	  (Quattrocchio	  et	  al.,	  1998;	  Quattrocchio	  et	  
al.,	  1999).	  
	  
Genes	  encoding	  for	  bHLH	  and	  WD40	  factors	  controlling	  anthocyanin	  biosynthesis	  
would	   be	   a	   less	   good	   choice	   because	   i)	   although	   bHLH	   are	   expressed	   exclusively	   in	  
pigmented	   tissues	   and	   have	   been	   shown	   to	   directly	   activate	   transcription	   of	   structural	  
anthocyanin	   genes,	   they	   operate	   downstream	   of	   the	   MYB	   genes	   (Spelt	   et	   al.,	   2000).	  
Indeed,	  MYBs	   activate	   transcription	  of	   bHLHs,	   as	  we	   also	   showed	   in	   chapter	   6.	   	  On	   the	  
other	  hand,	  ii)	  the	  WD40	  regulators	  have	  been	  shown	  to	  be	  ubiquitously	  expressed	  (Koes	  
et	   al.,	   2005)	   and	   cannot	   be	   involved	   in	   determining	   accumulation	   patterns	   which	   are	  
tissue	  or	  organ	  specific.	  Therefore	  bHLH	  and	  WD40	  surely	  are	  not	   the	  master	  genes	  we	  
are	  looking	  for.	  
It	  has	  been	  long	  thought	  that	  only	  the	  combined	  expression	  of	  the	  bHLH	  and	  the	  
MYB	  factors	  can	  induce	  pigmentation	  in	  tissues	  that	  do	  not	  accumulate	  anthocyanins,	  as	  
shown	   for	   example	   by	   Butelli	   et	   al.	   (2008).	   Therefore,	   	   it	   would	   seem	   necessary	   that	  
changes	  in	  cis-­‐element	  in	  the	  HLH	  gene	  as	  well	  as	  in	  the	  MYB	  gene	  must	  have	  occurred,	  in	  
order	   to	   generate	   new	   pigmentation	   patterns.	   Alternatively,	   changes	   in	   the	   regulatory	  
network	  upstream	  the	  HLH	  and	  the	  MYB	  might	  result	  in	  new	  pigmentation	  phenotypes.	  In	  
both	  cases	  it	  would	  be	  necessary	  to	  make	  changes	  in	  at	  least	  two	  regulatory	  pathways	  in	  a	  
coordinate	   way	   (to	   ectopically	   express	   the	   MYB	   in	   one	   tissue	   and	   the	   HLH	   in	   another	  
would	  not	  lead	  to	  any	  new	  pigmentation	  pattern	  at	  all,	  according	  to	  this	  view).	  
However,	  in	  chapter	  5,	  6,	  	  and	  in	  the	  experiments	  presented	  here,	  we	  show	  that	  
in	  different	  species	  	  anthocyanin	  MYB	  regulators	  activate	  transcription	  of	  the	  bHLH	  gene,	  
and	   that	   consequently	   are	   alone	   able	   to	   give	   strong	   pigmentation	   in	   almost	   all	   plant	  
tissues.	  As	  a	  consequence	  of	  this	  observation,	  it	  becomes	  clear	  that	  the	  only	  change	  of	  the	  
expression	  pattern	  of	  the	  MYB	  gene	  is	  sufficient	  to	  activate	  the	  pathway	  in	  a	  new	  tissue	  
(i.e	  to	  create	  novel	  pattern).	  Starting	  from	  these	  considerations,	   it	  can	  be	  supposed	  that	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during	   evolution	  new	  pigmentation	  patterns	   could	  have	   resulted	   from	   i)	   changes	   in	   cis-­‐
elements	  in	  the	  promoter	  region	  of	  MYBs	  (high	  in	  the	  hierarchy	  of	  the	  network	  activating	  
anthocyanin	  biosynthesis),	  which	   result	   in	  dramatic	   changes	   in	  expression	  domain,	  or	   ii)	  
modifications	   in	   the	   expression	  of	   the	  next	   level	   of	   regulators,	   like	   transcription	   factors	  
necessary	   for	   the	  expression	  of	   the	  MYB	  genes.	  These	   two	  options/theories	  can	  be	  also	  
proposed	  for	   the	  study	  of	  pathways	   involved	   in	   formation	  of	  other	  patterns,	  but	   for	   the	  
moment	  too	  few	  studies	  are	  available,	  and	  we	  cannot	  define	  which	  of	  these	  mechanisms	  
is	  at	  the	  basis	  of	  (most	  of)	  the	  variation	  observed.	  
In	  this	  work,	  we	  chose	  to	  “swap”	  selected	  MYB	  genes	  (PhAN2	  and	  its	  homologues	  
involved	   in	   anthocyanin	   production	   in	   different	   species)	   among	   petunia,	   tomato,	   and	  
Arabidopsis,	   all	   species	   displaying	   different	   pigmentation	   patterns.	   We	   monitored	   the	  
expression	  of	  the	  transgenes	  studying	  the	  activity	  of	  the	  GUS	  reporter	  gene	  introduced	  in	  
each	  construct.	  GUS	  analyses	  revealed	  for	  each	  gene	  if	  cis-­‐regulatory	  sequences	  drive	  or	  
not	   different	   expression	   in	   the	   host.	   This	   could	   allow	   to	   assess	  whether	   changes	   in	   cis-­‐
elements	  in	  the	  regulatory	  region,	  rather	  than	  changes	  in	  their	  regulators	  (one	  level	  up	  in	  
the	   regulatory	   cascade)	   could	   have	   brought	   to	   the	   appearance	   of	   new	   pigmentation	  
patterns.	  	  
	   Our	  preliminary	  results	  suggest	  that	  the	  differences	  observed	  among	  the	  species	  
analyzed	  likely	  reside	  in	  higher	  level	  regulators,	  since	  the	  transgenes	  often	  mimicked	  the	  
expression	  pattern	  of	   the	  endogenous	  gene.	   The	  approach	   carried	  out	   in	   this	   study	   can	  
elucidate	  the	  origin	  of	  diversification	  of	  pigmentation	  patterns,	  and	  could	  be	  extended	  to	  
other	  evolutionary	  studies.	  	  
	  
	  
Results	  and	  Discussion	  
	  
MYB	  homologous	  genes	  activate	  the	  anthocyanin	  pathway	  in	  different	  species	  
As	   described	   before,	   R2R3-­‐MYB	   transcription	   factors	   belonging	   to	   the	   PhAN2	   clade	  
regulate	   anthocyanin	   production	   in	   many	   plants	   (Allan	   et	   al.,	   2008).	   If	   ectopically	  
expressed	   in	   the	  original	   species	   or	   in	   heterologous	  hosts,	   these	   genes	   are	   sufficient	   to	  
trigger	   pigmentation	   of	   virtually	   any	   tissue,	   indicating	   that	   the	   encoded	   proteins	   are	  
functionally	   interchangeable	   among	   distantly	   related	   species	   and	   act	   as	   “master	  
regulators”	  of	  the	  anthocyanin	  pathway	  in	  most,	  if	  not	  all	  species	  (see	  also	  chapter	  2).	  	  
In	   chapter	   5	   and	   6	   of	   this	   thesis	  we	   described	   the	   effect	   of	   ectopic	   expression	  
(driven	  by	   the	  35SCaMV	   promoter)	   of	  MYB	   genes,	   like	  SlANT1	   and	  SlAN2	   from	   tomato,	  
and	  PhAN2	  and	  PhAN4	  of	  petunia	  in	  the	  homologous	  host	  species,	  and	  demonstrate	  that	  
this	   results	   in	   the	   activation	   of	   the	   entire	   anthocyanin	   pathway	   in	   the	  whole	   plant.	  We	  
focused	  for	  example	  on	  PhAN4,	  a	  gene	  that	  stimulates	  anthocyanin	  production	  in	  petunia,	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and	   is	   required	   for	   the	   colouration	   of	   the	   anthers	   (Spelt	   et	   al.,	   2000).	   We	   expressed	  
PhAN4	   in	  petunia	  under	   the	  35SCaMV	   promoter,	   and	   this	   resulted	   in	   the	  production	  of	  
anthocyanins	  not	  only	  in	  anthers,	  but	  also	  in	  petals	  and	  leaves	  (chapter	  6).	  
Here	  we	  show	  the	  effect	  of	  ectopic	  expression	  of	  PhAN4	  in	  another	  species,	  such	  
as	   tomato.	   We	   chose	   a	   wild	   type	   tomato	   accession	   (‘MicroTom’,	   which	   bears	  
anthocyaninless	   fruits),	   transforming	   it	   -­‐via	   Agrobacterium-­‐	   with	   the	   construct	  
35S:GFP:PhAN4,	  described	  in	  chapter	  6.	  Twelve	  transgenic	  lines	  were	  generated,	  most	  of	  
them	   showing	   a	   strong	   anthocyanin-­‐phenotype	   in	   almost	   all	   tissues	   (Figure	   1A-­‐1C).	  
Intense	   purple	   pigments	   were	   easily	   visible	   in	   flower	   and	   fruit	   starting	   from	   the	   first	  
stages	   of	   development	   (Figure	   1A-­‐B-­‐C).	   Furthermore,	   synthesis	   of	   anthocyanins	   was	  
stimulated	  in	  vegetative	  tissues,	  especially	  in	  leaf	  veins	  (Figure	  1A-­‐C).	  The	  presence	  of	  the	  
GFP	  protein	  in	  the	  construct	  allowed	  us	  to	  localize	  PhAN4	  in	  the	  nuclei	  of	  leaves,	  flowers,	  
and	   fruits	   (Figure	  4D).	  This	   result	   confirms	   that	   the	  ectopic	  expression	  of	  only	  a	   specific	  
R2R3	  MYBs,	   such	   as	   PhAN4,	   is	   sufficient	   to	   trigger	   anthocyanin	   production	   in	   normally	  
acyanic	  tissues,	  also	  in	  a	  heterologous	  host	  (in	  this	  case	  tomato).	  
Given	  that	  PhAN4	  acts	  as	  a	  ‘master	  regulator’	  of	  anthocyanin	  genes	  that	  activates	  
transcription	  of	  the	  bHLH	  gene	  AN1	  and	  the	  MYB	  gene	  MYBb1,	  and	  	  the	  structural	  genes,	  
like	  DFR	   and	  many	   others,	  we	   hypothesized	   that	   changes	   in	   the	   expression	   patterns	   of	  
such	  MYB	  genes,	  by	  alterations	  in	  either	  cis-­‐	  or	  trans-­‐regulatory	  elements,	  were	  the	  major	  
factor	  responsible	  for	  the	  appearance	  of	  new	  pigmentation	  patterns	  during	  evolution.	  To	  
test	   this	   idea	  we	   transformed	  MicroTom	   tomato	   plants	  with	   a	   construct	   containing	   the	  
entire	   PhAN4	   gene	   with	   its	   own	   ~3kb	   regulatory	   region	   (construct	   named	  
PhAN4transgene,	  also	  described	   in	  chapter	  6),	   to	  see	   if	   it	  was	  active	   in	  the	  host	  species,	  
and	   affected	   the	  pigmentation	  pattern	   in	   tomato.	   Phenotypic	   observations	   and	   analysis	  
carried	   out	   on	   transformed	   plants	   showed	   that	   PhAN4transgene	   was	   not	   expressed	   in	  
transgenic	   tomatoes,	   and,	   consequently,	   that	   the	   target	   genes	   for	   the	   synthesis	   of	  
anthocyanins	   were	   not	   activated	   (data	   not	   shown).	   This	   suggests	   that	   the	   genomic	  
fragment	  used	  was	  not	  sufficient	  for	  the	  activation	  of	  the	  anthocyanin	  pathway	  in	  tomato,	  
although	   the	   same	   construct	   drives	   anthocyanin	   deposition	   in	   anthers	   of	   petunia.	   It	   is	  
possible	  that	  the	  expression	  of	  some	  other	  tomato	  endogenous	  regulators	  is	  required	  to	  
get	  anthocyanin	  gene	  expression	  and	  pigment	  production.	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Figure	  1.	  Anthocyanin	  accumulation	  in	  35S:GFP-­‐PhAN4	  tomato	  plants.	  
(A)	   Strong	   anthocyanin-­‐phenotype	   of	   transgenic	  35S:GFP:PhAN4	   plants	   compared	   to	  wild	  
type	  plants	  (MicroTom	  line)	  lacking	  the	  transgene.	  Anthocyanins	  are	  visible	  in	  all	  plant	  parts,	  
especially	  in	  fruits	  and	  leaf	  veins.	  
(B)	   Detail	   of	   fruits	   at	   green	   stage	   of	   development	   of	   a	   transgenic	  35S:GFP:AN4	   line	   (left)	  
compared	  to	  wild	  type	  (right).	  
(C)	  Micrographs	  of	  leaf	  sections,	  fruit	  skin,	  and	  young	  flowers	  comparing	  MicroTom	  (left)	  to	  
35S:GFP:AN4	  	  tissues	  (right).	  
(D)	  Confocal	  microscope	  images	  showing	  the	  location	  of	  PhAN4-­‐GFP	  in	  the	  nuclei	  of	  cells	  of	  
young	  flower	  (left	  image),	  leaf	  (middle),	  and	  root	  (right	  image).	  GFP	  fluorescence	  is	  seen	  as	  
green	  staining,	  autofluroescence	  of	  anthocyanins	  in	  red.	  
	  
	  
Choice	  of	  the	  MYB	  genes	  for	  the	  swaps	  
The	  MYB	  gene	  PhAN2	   and	   its	  homologous	  were	   selected	   from	  petunia	  and	  Arabidopsis,	  
and	   transferred	   in	   petunia	   and	   tomato,	   in	   order	   to	   analyze	   different	   pigmentation	  
patterns	  driven	  by	  genes	   that	  did	  not	  yet	  diverge	  so	  much	   from	  each	  other.	   Indeed,	  we	  
focused	  on	  the	  species	  Petunia	  hybrida	  and	  Solanum	  lycopersicum,	  both	  belonging	  to	  the	  
Solanaceae	   family.	   In	   P.	   hybrida	   petals	   and	   anthers	   are	   usually	   pigmented,	   whereas	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anthocyanins	   are	   hardly	   present	   in	   the	   fruit	   and	   vegetative	   parts.	   In	   S.	   lycopersicum,	  
common	   wild	   type	   ecotypes	   (red-­‐fruited	   domesticated	   tomatoes)	   accumulate	  
anthocyanins	  only	  in	  vegetative	  tissues,	  but	  not	  in	  flowers	  and	  fruits	  (Gonzali	  et	  al.,	  2009).	  
We	   also	   extended	   our	   analysis	   to	   Arabidopsis	   thaliana,	   which	   displays	   unpigmented	  
flowers	   and	   siliques,	   whereas	   anthocyanins	   can	   be	   produced	   in	   vegetative	   tissues,	  
especially	  under	  stress	  conditions	  (see	  chapter	  2).	  The	  “AN2-­‐like”	  MYB	  genes	  chosen	  for	  
this	   study	  were:	  PhAN2,	   required	   for	  petal	  pigmentation	   in	  petunia	   (Quattrocchio	  et	  al.,	  
1999),	  PhAN4,	   involved	   in	   the	   colouration	   of	   the	   anthers	   in	   petunia	   (Spelt	   et	   al.,	   2000)	  
(chapter	   6)	   andAtPAP1,	   required	   for	   anthocyanin	   accumulation	   in	   vegetative	   tissues	   of	  
Arabidopsis	  (Borevitz	  et	  al.,	  2000).	  	  
	  
Swap	  experiments	  revealing	  the	  activity	  of	  the	  transgene	  in	  the	  host	  plants	  
In	   order	   to	   study	   the	   expression	   patterns	   driven	   by	   the	   selected	   MYB	   genes	   PhAN2,	  
PhAN4,	   and	  AtPAP1,	  we	  prepared	   constructs	   containing	   their	   entire	   genomic	   fragments	  
including	  promoter,	   coding	   sequence	  with	   introns	   and	  exons,	   and	   a	   fragment	  of	   500	   to	  
1000	  bp	  at	  the	  3’	  end.	  To	  be	  able	  to	  monitor	  the	  expression	  of	  the	  regulators	  directly,	  we	  
inserted	   the	   GUS	   coding	   sequence	   into	   these	   genes	   in	   frame	   with	   the	   MYB	   coding	  
sequence	   to	   obtain	   the	   constructs	   pAN2:GUS-­‐AN2,	   pAN4:GUS-­‐AN4,	   pPAP1:GUS-­‐PAP1,	  
which	  express	  a	  fusion	  of	  GUS	  and	  the	  respective	  MYB	  proteins.	  As	  a	  positive	  control	  we	  
used	  pDFR:-­‐GUS,	  in	  which	  the	  promoter	  of	  the	  petunia	  DFR	  gene	  drives	  the	  expression	  of	  
GUS.	  	  
We	  used	  the	  petunia	  line	  W115,	  which	  has	  unpigmented	  petals	  and	  anthers	  due	  
to	   inactive	   an2	   and	   an4	   alleles,	   and	   wild	   type	   tomato	   (MicroTom	   accession)	   for	   the	  
transformation	  with	   the	   above	  mentioned	   constructs.	   After	   transformation,	   GUS	   assays	  
on	   transgenic	   plants	   allowed	   us	   to	   follow	   the	   promoter	   activity	   in	   the	   transgenics,	  
independently	  from	  the	  production	  of	  anthocyanins.	  The	  results	  of	  the	  swaps	  showing	  the	  
detection	   of	   GUS	   activity	   are	   summarized	   in	   Figure	   2	   (transformation	   in	   petunia)	   and	  
Figure	  3	  (transformation	  in	  tomato).	  
In	  all	  transformed	  petunia	  plants	  GUS	  activity	  was	  detected	  in	  specific	  tissues	  of	  
the	  flower,	  such	  as	  anther	  and	  petal	  (Figure	  2A-­‐B-­‐C),	  but	  not	  in	  other	  organs	  of	  the	  plant	  
(data	   not	   shown).	   In	   particular,	   GUS	   colouration	  was	   observed	   in	   anthers	   and	   petals	   of	  
petunia	  W115	  lines	  containing	  pPAP1:GUS-­‐PAP1	  (Figure	  2A-­‐B-­‐C)	  and,	  to	  a	  lesser	  extent,	  in	  
petals	  of	  the	  pAN2:GUS-­‐AN2	  transformants	  (Figure	  2B).	  The	  construct	  pDFR:GUS	  worked	  
properly	  as	  positive	  control	  for	  this	  experiment	  (Figure	  2A).	  It	  should	  be	  pointed	  out	  that	  a	  
significant	  “background”	  GUS	  staining	  (see	  “Protocol	  A”	  of	  the	  paragraph	  “GUS	  staining”	  
in	   material	   and	   methods)	   was	   seen	   in	   the	   anthers	   of	   all	   petunia	   lines,	   including	   the	  
untransformed	  plants	  (negative	  control;	  Figure	  2A).	  This	  “background	  effect”	  was	  avoided	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(Figure	  1C)	  using	  another	  system	  for	  the	  GUS	  staining	  (see	   ‘Protocol	  B’	  of	  the	  paragraph	  
‘GUS	  staining’	  in	  material	  and	  methods).	  
	  
	  
	  
	  
Figure	  2.	  Expression	  of	  pAN2:GUS-­‐AN2,	  pAN4:GUS-­‐AN4,	  and	  pPAP1:GUS-­‐PAP1	  in	  transgenic	  
petunia	  plants.	  See	  material	  and	  methods	  for	  the	  different	  protocols	  of	  GUS	  staining	  showed	  
in	  this	  Figure.	  
(A)	   Overview	   of	   the	   GUS	   staining	   in	   all	   the	   lines,	   including	   the	   negative	   (an2	   an4)	   and	  
positive	  (pDFR:GUS)	  controls.	  
(B)	  Details	   of	   petals	   that	   highlights	  GUS	   activity	   in	   flowers	   transformed	  with	   the	   chimeric	  
constructs	  containing	  the	  genomic	  fragment	  pAN2:GUS-­‐AN2	  and	  pPAP1:GUS-­‐PAP1.	  
(C)	   GUS	   staining	   in	   anthers	   	   and	  petals	   of	   	  pPAP1:GUS-­‐PAP1	   transformants	   in	   comparison	  
with	  untransformed	  controls	  (an2/an4).	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The	   detection	   of	   pAN2:GUS-­‐AN2	   expression	   in	   petals	   and	   pAN4:GUS-­‐AN4	  
expression	   in	  anthers	  was	  expected,	   since	  PhAN2	   and	  PhAN4	   are	  normally	  expressed	   in	  
these	  organs	  (Quattrocchio	  et	  al.,	  1999;	  Spelt	  et	  al.,	  2000).	  Interestingly,	  also	  pPAP1:GUS-­‐
PAP1	  was	   expressed	   in	   transgenic	   petals	   and	   anthers	   (Figure	   1A-­‐B-­‐C),	   but	   not	   in	   leaves	  
(data	   not	   shown),	   reflecting	   the	   pattern	   of	   the	   endogenous	   genes	   PhAN2	   and	   PhAN4,	  
rather	  than	  expression	  pattern	  of	  PAP1	  in	  the	  original	  species,	  because	  in	  Arabidopsis	  the	  
expression	  of	  PAP1	  is	  limited	  to	  sepals	  and	  other	  organs,	  especially	  vegetative	  tissues,	  but	  
not	   petals	   (http://www.arabidopsis.org/servlets/TairObject?id=29514&type=locus).	   This	  
would	  suggest	  that	  for	  this	  (trans-­‐)gene	  the	  pattern	  of	  expression	  mimics	  the	  one	  of	  the	  
host,	   meaning	   that	   the	   differences	   in	   pigmentation	   between	   Arabidopsis	   and	   petunia	  
probably	  reside	  higher-­‐level	  regulators	  of	  PAP1	  and	  AN2/AN4.	  	  	  	  
In	  tomato,	  GUS	  background	  was	  detected	  in	  the	  anthers	  of	  the	  wild	  type	  (Figure	  
3A).	   Interestingly,	   all	   the	   transformants,	   especially	   the	   ones	   containing	   the	  pPAP1:GUS-­‐
PAP1	  transgene,	  displayed	  intense	  GUS	  activity	  in	  fruit	  sections	  and	  particularly	  in	  regions	  
surrounding	  the	  seeds,	  like	  the	  placenta	  (Figure	  2A-­‐B).	  GUS	  activity	  was	  absent	  or	  at	  most	  
very	  weak	  in	  the	  wild	  type	  (Figure	  2A).	  It	  is	  known	  that	  the	  endogenous	  SlAN2	  gene	  is	  not	  
expressed	  in	  the	  flesh	  of	  tomatoes	  (Povero	  et	  al.,	  2011),	  although	  nothing	  is	  known	  about	  
its	   expression	   in	   seed	   and	   embryo.	   In	   chapter	   6	  we	   propose	   that	   the	   SlAN2	   gene	   from	  
cultivated	  tomato	  might	  be	  mutated	  in	  its	  promoter,	  and	  that	  therefore	  it	  is	  not	  expressed	  
in	  fruits,	  while	  the	  SlAN2	  gene	  from	  the	  Aft	  accession,	  which	  is	  highly	  expressed	  in	  fruits,	  
might	  represent	   the	  wild	   type	  allele.	  We	  also	  showed	  that	   the	  SlAN2	  allele	   from	  the	  Aft	  
accession	  is	  active	  when	  introduced	  in	  normal	  red	  tomato	  cultivars	  and	  is	  able	  to	  induce	  
anthocyanin	   accumulation	   in	   their	   fruits.	   This	   implies	   that	   the	   regulatory	   mechanisms	  
involved	   in	   the	   activation	   of	   SlAN2	   in	   fruits	   are	   still	   active	   in	   the	   cultivars	  with	   acyanic	  
fruits.	  
	  Interestingly,	   GUS	   activity	   for	   pPAP1:GUS-­‐PAP1	   was	   detected	   also	   in	   tomato	  
leaves	  (Figure	  3C),	  probably	  mimicking	  the	  pattern	  of	  expression	  of	  the	  endogenous	  SlAN2	  
gene.	   However,	   if	   future	   works	   will	   detect	   SlAN2	   expression	   in	   leaves	   and	   especially	  
around	  the	  seeds,	  then	  the	  detection	  of	  GUS	  activity	  in	  our	  transgenic	  tomatoes	  could	  be	  
explained	  by	  the	  mimic	  of	  the	  expression	  pattern	  of	  the	  SlAN2	  gene	  of	  the	  host.	  
In	   conclusion,	   these	  data	   suggest	   that	   the	  differences	   in	  expression	  patterns	  of	  
these	  MYB	   regulators,	   and	   consequently	   pigmentation	   patterns	   in	   Arabidopsis,	   petunia,	  
and	  tomato,	  do	  not	  result	  from	  differences	  in	  the	  cis-­‐regulatory	  elements	  of	  these	  genes	  
but	  from	  differences	  in	  the	  upstream	  higher-­‐level	  regulators.	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Figure	  3.	  GUS	  staining	  showing	  the	  activity	  of	  chimeric	  gene	  constructs	  in	  tomato	  (MicroTom).	  
See	  material	  and	  methods	  for	  the	  different	  protocols	  of	  GUS	  staining	  showed	  in	  this	  Figure.	  
(A)	  Visualization	  of	  GUS	  expression	  in	  tissues	  of	  tomato	  plants	  transformed	  with	  the	  genomic	  
fragment	  containing	  PhAN2,	  PhAN4,	  and	  AtPAP1.	  GUS	  staining	  was	  mainly	  visible	   in	  anthers,	  
seeds,	  and	  placenta	  of	  the	  fruit.	  
(B)	  Details	  of	  seed	  and	  placenta	  of	  tomato	  plants	  transformed	  with	  pAN4:GUS-­‐AN4.	  
(C)	  Micrographs	  of	  fruit	  sections	  and	  leaf	  surface	  of	  plants	  transformed	  with	  pPAP1:GUS-­‐PAP1.	  
In	  all	  these	  pictures	   it	   is	  clear	  that	  the	  GUS	  activity	   is	   localized	  in	  the	  nucleus	  of	  the	  cells	  (as	  
expected	  as	  GUS	  is	  expressed	  as	  fusion	  protein	  to	  the	  MYB	  factor)	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Conclusions	  and	  biological	  significance	  of	  the	  work	  described	  
The	   relatively	   young	   discipline	   Evo-­‐Devo	   tries	   to	   explain	   how	   highly	   conserved	   “master	  
genes”	  can	  have	  generated	  during	  evolution	  the	  enormous	  variety	  of	  shapes,	  colors	  and	  
structures	   that	   we	   observe	   in	   nature.	   	   Very	   conserved	   groups	   of	   genes	   control	  
morphological	  traits	  in	  animals,	  inflorescence	  architecture	  and	  deposition	  of	  anthocyanin	  
pigments	   in	   higher	  plants.	   The	  mechanism	  of	   pigment	  deposition	   in	  plants,	   gives	   a	   nice	  
experimental	   system	   to	   unravel	   how	   the	   very	   same	   protein	   could	   generate	   distinct	  
pigmentation	  patterns	  and	  gives	  	  a	  key	  to	  look	  at	  how	  evolution	  have	  	  shaped	  variation.	  
An	  approach	  like	  the	  one	  carried	  out	  in	  this	  study	  can	  assess	  whether	  the	  activity	  
of	  specific	  promoters	  will	  maintain	  in	  heterologous	  hosts	  the	  same	  pattern	  shown	  in	  the	  
original	  species.	   If	  this	   is	  the	  case,	   it	  would	  provide	  a	  strong	  evidence	  that	  differences	  in	  
the	   cis-­‐regulatory	   elements	   in	   the	   gene	   are	   responsible	   for	   the	   appearance	   of	   new	  
pigmentation	   patterns.	   If,	   on	   the	   other	   hand,	   the	   promoters	   assume	   in	   heterologous	  
species	   the	  expression	  pattern	  of	   the	  endogenous	   gene,	   it	  would	  mean	   that	   changes	   in	  
upstream	   regulators	   (regulators	   of	   regulators)	   are	   responsible	   for	   the	   differences	   in	  
expression	  of	  the	  MYB	  genes	  and,	  consequently,	  the	  different	  pigmentation	  patterns.	  
In	  case	  of	  the	  MYB	  genes	  that	  we	  studied	  here,	   it	  appears	  that	  the	  major	  cause	  
for	  the	  divergence	  of	  their	  expression	  patterns	  are	  alterations	  in	  the	  upstream	  regulatory	  
network.	   In	   agreement	  with	   this,	   for	   example,	  GUS	  activity	   for	   the	   construct	   containing	  
AtPAP1	  was	  detected	  in	  anthers	  and	  petals	  of	  transformed	  petunia,	  and	  in	  tomato	  leaves,	  
likely	  following	  the	  pattern	  of	  the	  endogenous	  genes.	  However,	  the	  current	  results	  need	  
to	   be	   confirmed	   and	   extended	   with	   additional	   data,	   such	   as,	   expression	   analyses	   of	  
transgenes	   and	   endogenous	   genes	   in	   different	   organs	   for	   example.	   Such	   analyses	   are	  
currently	   underway,	   as	   well	   as	   new	   transformations	   using	   Arabidopsis	   as	   a	   host.	   This	  
experimental	  direction	  will	  be	  crucial	  to	  establish	  to	  what	  extent	  the	  evolution	  of	  distinct	  
pigmentation	   patterns	   relied	   on	   mutations	   in	   cis-­‐regulatory	   elements	   in	   these	   master	  
regulators	   of	   the	   anthocyanin	  pathway	   as	  opposed	   to	   alterations	   in	   the	  upstream	   trans	  
regulatory	   network.	   However,	   it	   cannot	   distinguish	   whether	   such	   differences	   in	   the	  
upstream	   regulatory	   network	   involve	   alterations	   in	   proteins	   coding	   sequences	   or	   in	   cis-­‐
regulatory	   elements	   of	   upstream	   regulatory	   genes,	   as	   long	   as	   the	  molecular	   identity	   of	  
these	  genes	  is	  unknown.	  	  
	  
	  
Matherial	  and	  methods	  
	  
Plant	  material	  and	  growth	  conditions	  
The	   petunia	   (Petunia	   hybrida)	   line	   used	   for	   the	   transformation	   was	   W115	   (an2	   an4	  
mutant).	   Tomato	   (Solanum	   lycopersicum	   L.)	   cv.	   MicroTom	   was	   used	   as	   control	   for	   the	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experiments	  illustrated	  in	  this	  work.	  Seeds	  were	  sown	  in	  pots	  and	  plants	  were	  cultivated	  
under	   normal	   conditions	   in	   a	   glasshouse.	   Plants	  were	   grown	   under	   normal	   greenhouse	  
conditions	   (16	  hours	   light,	   8	  hours	  dark,	  maximum	   temperature	  30	   °C,	  minimum	  20°C).	  
Transgenic	  tomato	  plants	  for	  different	  constructs	  were	  grown	  side	  by	  side.	  
	  
Preparation	  of	  the	  constructs	  
For	   the	  preparation	  of	  35S:GFP:PhAN4	   and	  PhAN4transgene	   constructs	  we	   followed	   the	  
procedure	  described	  in	  chapter	  6.	  
To	   study	   the	   expression	   patterns	   driven	   by	   the	   different	   MYB	   genes,	   we	   prepared	  
constructs	   containing	   the	   whole	   gene	   region	   (~2	   Kb	   promoter,	   coding	   sequence,	   with	  
introns	   and	   exons,	   and	   a	   fragment	   of	   500	   to	   1000	   bp	   at	   the	   3’	   end).	   We	   generated	  
chimeric	   genes	   where	   each	   promoter	   drives	   expression	   of	   a	   protein	   fusion	   of	   the	   GUS	  
coding	   sequence	   and	   the	   MYB	   sequence	   (Figure	   4).	   For	   this	   purpose	   we	   used	   the	  
‘MultiSite	  Gateway®	  Pro’	  kit	  (Invitrogen,	  Carlsbad,	  CA),	  which	  subdivides	  the	  procedure	  in	  
two	  main	  steps:	  i)	  BP	  recombination	  reaction	  between	  each	  attB-­‐flanked	  DNA	  fragments	  
(our	  inserts:	  MYB	  promoter-­‐GUS	  gene-­‐MYB	  gene	  +	  trail;	  see	  Figure	  4)	  and	  the	  appropriate	  
attP-­‐containing	  donor	  vector,	  to	  generate	  an	  entry	  clone	  and	  ii)	  LR	  recombination	  reaction	  
between	   the	   multiple	   entry	   clones	   (containing	   our	   inserts	   separately)	   and	   a	   Gateway®	  
Destination	  vector	  using	  LR	  Clonase™	  II	  Plus	  to	  generate	  an	  expression	  clone	  (see	  Figure	  
4).	  	  	  	  
Genomic	   DNA	   from	   tomato	   tissues	   was	   isolated	   as	   described	   previously	  
(deVetten	  et	  al.,	   1997).	  PCR	   reactions	  were	  performed	  using	   the	  “Phusion®	  High-­‐Fidelity	  
DNA	  Polymerase”	  (Finnzymes,	  Ratastie	  2,	  01620	  Vantaa,	  Finland).	  The	  amplification	  of	  the	  
single	  fragments	  for	  the	  preparation	  of	  the	  constructs	  was	  performed	  using	  the	  following	  
couples	  of	  primers	  (attb-­‐sites	  are	  underlined):	  
	  
GUS	  gene:	  
Fw:	  GGGGACAACTTTTCTATACAAAGTTGGCATGTTACGTCCTGTAGAAACCC	  
Rv:	  GGGGACAACTTTATTATACAAAGTTGTTTGTTTGCCTCCCTGCTGCGGTT	  	  
	  
pPAP1:	  
Fw:	  GGGGACAAGTTTGTACAAAAAAGCAGGCTGGTGATAGGTCCCATAAGCAA	  
Rv:	  GGGGACAACTTTGTATAGAAAAGTTGGGTCCATGGAACAAAGATAGATAC	  
	  
PAP1	  (gene	  +	  trail):	  
Fw:	  GGGGACAACTTTGTATAATAAAGTTGCCATGGAGGGTTCGTCCAAAGG	  
Rv:	  GGGGACCACTTTGTACAAGAAAGCTGGGTAGCCCATATGAGAATCTGCAC	  
	  
pAN2:	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Fw:	  GGGGACAAGTTTGTACAAAAAAGCAGGCTAACTCTTCCACCAACACATCA	  
Rv:	  GGGGACAACTTTGTATAGAAAAGTTGGGTGCATGATGTATAGTTCTCACT	  
	  
AN2	  (gene	  +	  trail):	  
Fw:	  GGGGACAACTTTGTATAATAAAGTTGTTATGAGTACTTCTAATGCATCAA	  
Rv:	  GGGGACCACTTTGTACAAGAAAGCTGGGTGAGGAGAGTTGCGGTAGGCT	  
	  
pAN4:	  
Fw:	  GGGGACAAGTTTGTACAAAAAAGCAGGCTAGGTGGATAGGAAAAATGGGATTGG	  
Rv:	  GGGGACAACTTTGTATAGAAAAGTTGGGTTCATGATTGTGATGAATAAGT	  
	  
AN4	  (gene	  +	  trail):	  
Fw:	  GGGGACAACTTTGTATAATAAAGTTGTCATGAAAACTTCTGTTTTTACGT	  	  	  	  	  
Rv:	  GGGGACCACTTTGTACAAGAAAGCTGGGTTGTTGCATTCAATGAGCATGAAATCCA	  
	  
	  
	  
Figure	  4.	   Schematic	   representation	  of	   the	  expression	   vector	  used	   for	   the	   “swap”	  
study.	  
	  
Petunia	  and	  tomato	  transformation	  
Transgenic	   plants	   of	   petunia	   expressing	   the	   selected	   MYB	   genes	   were	   obtained	   by	  
Agrobacterium	  tumefaciens–mediated	  leaf	  disc	  transformation	  (Quattrocchio	  et	  al.,	  2006)	  
of	  the	  inbred	  an2	  an4	   line	  W115	  (also	  known	  as	  Mitchell	  or	  Mitchel	  diploid).	  For	  tomato	  
plant	   transformations,	   we	   followed	   the	   protocol	   described	   by	   Zuluaga	   et	   al.	   (2008)	  
transforming	  seedlings	  of	  the	  MicroTom	  control	  line.	  	  
	  
GUS	  staining	  
Protocol	  A.	  For	  the	  results	  showed	  in	  figures	  2A-­‐B	  and	  3A,	  we	  performed	  the	  GUS	  staining	  
incubating	  overnight	  the	  collected	  samples	  in	  a	  solution	  containing	  1mM	  X-­‐gluc	  in	  50	  mM	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Na2HPO4,	  at	  pH	  8.0.	  After	  the	  incubation,	  ethanol	  70%	  was	  used	  for	  washing	  and	  samples	  
were	  visualized	  under	  the	  microscope.	  
Protocol	   B.	   For	   the	   results	   showed	   in	   figures	   2C	   and	  3B-­‐C,	   the	   following	  procedure	  was	  
carried	  out:	  samples	  were	  collected,	  incubated	  for	  20	  minutes	  at	  room	  temperature,	  and	  
then	  washed	  (on	  ice)	  in	  the	  staining	  buffer	  (0.5	  M	  sodium	  phosphate	  buffer	  pH	  7.2,	  10%	  
Triton	  X-­‐100,	  100	  mM	  potassium	  ferrocyanide,	  100	  mM	  potassium	  ferricyanide),	  without	  
X-­‐Gluc.	   Afterwards,	   the	   staining	   solution	   was	   substituted	   with	   a	   new	   staining	   solution	  
containing	  also	  X-­‐Gluc	  2mM.	  Samples	  were	  first	   incubated	  for	  20	  minutes	  under	  vacuum	  
(on	   ice),	  and	  then	  they	  were	   incubated	  overnight	  at	   room	  temperature.	  Afterwards,	   the	  
staining	   buffer	   was	   removed,	   and	   samples	   were	   washed	   with	   ethanol	   at	   room	  
temperature.	  Then	  the	  samples	  were	  treated	  with	  a	  FAA	  fixative	  (50%	  ethanol,	  10%	  glacial	  
acetic	   acid,	   5%	   formaldehyde)	   for	   30	  minute	   at	   room	   temperature.	   Finally,	   the	   fixative	  
was	  removed,	  and	  a	  solution	  70%	  ethanol	  was	  added.	  	  GUS	  activity	  was	  visualized	  under	  
the	  microscope.	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Summary	  and	  General	  Discussion	  
	  
Plant	  and	  animals	  display	  an	  enormous	  morphological	  variation	  that	  arose	  by	  mutations	  
and	  selection	  during	  evolution.	  The	  molecular	  basis	  for	  this	  divergence	  is	  however,	  poorly	  
understood.	  Does	   it	  rely	  primarily	  on	  the	  repeated	  appearance	  of	  new	  genes,	  or	  smaller	  
modifications	   in	   the	   encoded	   proteins	   or	   in	   regulatory	   gene	   sequences?	   As	   part	   of	   this	  
morphological	  divergence,	  animals	  as	  well	  as	  plants	  display	  widely	  different	  pigmentation	  
patterns.	   Because	   pigmentation	   is	   a	   relatively	   simple	   trait,	   as	   compared	   to	   “shape,	   and	  
because	   differences	   in	   pigmentation	   patterns	   are	   so	   easy	   to	   detect,	   it	   provides	   an	  
excellent	  model	   system	   to	   study	   the	   evolution	   of	  morphological	   features.	   Plants	   are	   an	  
attractive	  system	  for	  such	  analyses,	  because	  they	  acquired	  highly	  divergent	  pigmentation	  
patterns	   in	  relatively	  short	  time,	  and	  because	  a	  range	  of	  plants	  species	  are	  amenable	  to	  
genetic	  approaches.	  	  
The	  pigments	  that	  color	  most	  flowers	  and	  fruits	  are	  anthocyanins,	  which	  belong	  to	  a	  
large	  family	  of	  secondary	  metabolites	  known	  as	  flavonoids.	  The	  aim	  of	  this	  study	  is	  to	  gain	  
insight	   in	   the	   regulation	   of	   anthocyanin	   biosynthesis	   in	   different	   species	   to	   understand	  
how	  the	  different	  pigmentation	  patterns	  arose	  during	  evolution.	  	  
In	   the	   first	   part	   of	   this	   work	   (chapters	   1	   and	   2),	   we	   review	   the	   many	   different	  
functions	  of	  these	  compounds	  in	  the	  plant	  life,	  which	  include	  attraction	  of	  pollinators	  and	  
seed	  dispersers,	  protection	  action	  against	  both	  biotic	  and	  abiotic	   stress	  and	  signaling	   to	  
symbionts.	   In	   addition	  we	   also	   emphasized	   the	   importance	   of	   anthocyanins	   for	   human	  
health	  for	  their	  antiallergic,	  anti-­‐inflammatory,	  antiviral,	  and	  antioxidant	  properties,	  which	  
explains	   the	   growing	   interest	   for	   these	   compounds	   as	   components	   of	   the	   diet	   and	   of	  
cosmetics	  and	  additives.	  
Although	   distinct	   plant	   species	   accumulate	   anthocyanins	   in	   different	   patterns,	   the	  
genes	   that	   are	   involved	   in	   the	   biosynthesis	   of	   these	   pigments	   are	   very	   conserved	   even	  
among	  very	  different	   species.	   This	  holds	   for	   the	   structural	   genes	  of	   the	  pathway,	  which	  
encode	  for	  the	  enzymes	  catalyzing	  the	  different	  reaction	  that	  lead	  to	  the	  final	  product,	  as	  
well	  as	  for	  the	  regulators	  that	  control	  transcription	  of	  the	  structural	  genes.	  
The	   regulatory	   proteins	   responsible	   for	   the	   activation	   of	   the	   anthocyanin	   pathway	  
and	   for	   the	   tissue-­‐specificity	   of	   pigmentation,	   can	   be	   swapped	   among	   distantly	   related	  
plant	  species	  and	  activate	  anthocyanin	  biosynthesis	   in	  the	  heterologous	  host.	  Therefore,	  
the	  differences	  in	  pigmentation	  patterns	  that	  are	  seen	  in	  the	  plant	  kingdom	  are	  likely	  to	  
originate	   from	  alterations	   in	   the	   regulatory	  mechanisms	  acting	  on	   the	  expression	  of	   the	  
regulators,	   or	   even	   upstream	   of	   those.	   Anthocyanin	   synthesis	   is	   not	   only	   controlled	   by	  
strictly	   tissue-­‐specific	   factors	   that	   control	   the	   identity	   of	   cells	   and	   tissues,	   but	   also	   by	  
external	   stimuli	   such	   as	   temperature,	   light,	   water	   stress	   and	   by	   plant	   hormones.	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Consequently	  variation	  in	  pigmentation	  can	  also	  be	  observed	  among	  genetically	  identical	  
individuals	  of	  the	  same	  species	  when	  these	  grow	  under	  different	  conditions.	  
In	  chapter	  3	  we	   investigated	  the	   interactions	  between	  sugars	  and	  hormones	   in	   the	  
regulation	   of	   anthocyanin	   biosynthesis.	   We	   confirmed	   the	   synergistic	   effect	   of	   these	  
factors	  by	  analyses	  of	  mRNA	  levels	  for	  different	  anthocyanin	  genes	  after	  treatment	  of	  the	  
plants	  with	  different	  levels	  of	  hormones	  and	  measure	  of	  the	  endogenous	  level	  of	  sugars.	  
Overall,	   the	   results	   in	   chapter	   3	   support	   a	   cross-­‐talk	  between	   sucrose	  and	  hormones	   in	  
the	  regulation	  of	  anthocyanin	  biosynthesis	   in	  Arabidopsis	  thaliana	  and	  suggest	  a	  role	  for	  
sucrose	  as	  a	  consensus-­‐signaling	  molecule	  for	  the	  induction	  of	  this	  pathway.	  
The	  fruits	  of	  cultivated	  tomatoes	  do	  not	  accumulate	  anthocyanins,	  although	  several	  
closely	   related	  wild	   species	   do.	   There	   are	   a	   handful	   of	   tomato	   cultivars	   that	   show	  high	  
anthocyanin	  content	  in	  the	  fruits	  and	  in	  chapter	  4	  we	  present	  a	  study	  of	  the	  effect	  of	  two	  
loci	   (Aft	   and	   atv)	   known	   to	   be	   responsible	   for	   the	   anthocyanin	   phenotype	   in	   the	  
homonymous	   cultivars.	  A	  dominant	  Aft	  allele	   triggers	   limited	   anthocyanin	   accumulation	  
(“anthocyanin	   spots”)	   in	   fruit	   upon	   stimulation	   by	   light,	   while	   a	   recessive	   atv	   allele	  
promotes	  anthocyanin	  pigmentation	  in	  the	  entire	  tomato	  plant,	  particularly	  in	  vegetative	  
tissues.	  Lines	  that	  harbour	  both	  the	  dominant	  Aft	  and	  the	  recessive	  atv	  alleles	  are	  known	  
as	  “Sunblack”	  lines,	  and	  have	  intensely	  pigmented	  fruits.	  Hence,	  the	  two	  loci	  are	  expected	  
to	  both	  have	  effect	  on	  the	  activation	  of	  anthocyanin	  biosynthetic	  genes.	  
Comparison	  of	  the	  transcript	  profiles	  of	  red	  (aft	  Atv)	  tomatoes,	  Aft	  and	  atv	  revealed	  
sets	   of	   genes	   that	   are	   differentially	   regulated	   in	   these	   lines	   and	   indicate	   a	   synergistic	  
effect	  of	  the	  Aft	  and	  atv	  alleles.	  While	  Aft	  mainly	  affects	  the	  expression	  of	  genes	  that	  are	  
directly	   involved	   in	   anthocyanin	   synthesis,	   atv	   prevalently	   influences	   the	   expression	   of	  
some	   of	   the	   genes	   that	   are	   involved	   in	   the	   biosynthesis	   of	   flavonoid	   precursors.	   In	  
Sunblack	   fruit	  peel,	  besides	  anthocyanin	  production,	  also	  other	  metabolic	  processes	  are	  
altered.	   Because	   these	   lines	   have	   different	   genetic	   background,	   it	   is	   not	   entirely	   clear	  
whether	   these	   differences	   are	   due	   to	   atv,	   or	   other	   (unknown)	   genes	   in	   the	   genetic	  
background.	  
In	   chapter	  5	  we	  describe	   the	  characterization	  of	  a	   small	  MYB	  subfamily	   in	   tomato,	  
which	  consists	  of	  three	  genes,	  SlANT1	  (ANTHOCYANIN1)	  and	  SlAN2	  (ANTHOCYANIN2),	  and	  
SlANT1-­‐like,	  that	  are	  located	  on	  a	  small	  genomic	  fragment	  on	  chromosome	  10	  where	  the	  
Aft	  locus	  has	  been	  mapped.	  The	  last	  gene	  is	  never	  expressed	  in	  tomato	  and	  therefore	  we	  
think	  does	  not	  contribute	  to	  pigmentation.	  The	  proteins	  encoded	  by	  each	  of	  the	  other	  two	  
genes	  can	  induce	  anthocyanin	  expression	  in	  nearly	  any	  part	  of	  the	  plant	  (although	  SlAN2	  
has	  a	  stronger	  effect)	  when	  ectopically	  expressed	  in	  cultivated	  tomato	  plants.	  This	  result,	  
together	  with	  the	  finding	  of	  polymorphisms	   in	  the	  promoter	  regions	  of	  these	  two	  genes	  
which	   co-­‐segregate	   with	   the	   Aft	   locus,	   suggest	   that	   changes	   in	   the	   regulation	   of	  
expression	   of	   one	   (or	   both)	   SlAN2	   or	   SlANT1,	   rather	   than	   changes	   in	   the	   proteins,	   are	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responsible	  for	  the	  Aft	  phenotype	  (and	  therefore	  that	  the	  Aft	  locus	  encodes	  either	  SlAN2	  
or	  SlANT1).	  We	  assessed	  the	  contribution	  of	  each	  of	  these	  genes	  to	  the	  Anthocyanin	  fruit	  
phenotype	  by	  transforming	  the	  genomic	  fragment	  containing	  SlANT1	  and	  SlAN2	  from	  the	  
Aft	   line	   in	  control	   tomato	  plants.	  The	  transgenic	  plants	  harboring	  the	  SlAN2Aft	   transgene	  
showed	   high	   induction	   of	   the	   expression	   of	   the	   endogenous	   SlANT1,	   of	   the	   tomato	  
homologue	   of	   the	   petunia	   bHLH	   anthocyanin	   regulator	   AN1	   and	   of	   all	   anthocyanin	  
structural	  genes.	  These	  transgenic	  plants	  carried	  fruits	  with	  an	  “Aft-­‐like”	  phenotype.	  	  
Taken	   together,	   these	   results	   strongly	   support	   that	   SlAN2	   represent	   the	  Aft	   locus,	  
and	   that	   the	   difference	   between	   the	  SlAN2AC	   and	  SlAN2Aft	   alleles	   is	   in	   the	   regulation	   of	  
their	   expression	   due	   to	   sequence	   changes	   in	   the	   promoter	   region,	   rather	   than	   in	   the	  
protein	  functionality.	  	  
SlANT1	   and	   SlAN2	   are	   homologous	   to	   PhAN4	   (ANTHOCYANIN4)	   and	   PhAN2	  
(ANTHOCYANIN2),	  which	  color	  anthers	  and	  petals	  in	  petunia	  flowers.	  	  
In	   order	   to	   address	   the	   question	   of	   how	   regulatory	   genes	   of	   the	   anthocyanin	  
biosynthesis	  are	  involved	  in	  generating	  variation	  among	  different	  species,	  we	  first	  studied	  
in	  detail	  their	  involvement	  in	  the	  pigmentation	  of	  different	  plant	  parts	  within	  one	  species.	  
In	  particular,	  in	  chapter	  6,	  we	  report	  the	  function	  of	  different	  members	  of	  a	  small	  family	  
of	  MYB	   genes	   responsible	   in	   petunia	   for	   the	   pigmentation	   of	   different	   plant	   parts.	  We	  
describe	  here	  AN4,	  a	  MYB	  protein	  responsible	  for	  the	  pigmentation	  of	  anthers.	  We	  show	  
that	  ectopic	  expression	  of	  members	  of	   this	  protein	  clade	  alone	   induces	  accumulation	  of	  
anthocyanin	   pathway,	   also	   in	   tissues	   normally	   not	   pigmented.	   This	   finding	   supports	   a	  
function	  of	   these	  genes	   as	   “master	   regulators”	  of	   the	  anthocyanin	  pathway	  as	   they	  are	  
able	   to	   induce	   transcription	   also	   of	   other	   regulators	   (like	   the	   bHLH	   transcription	   factor	  
AN1)	   which	   gene	   products	   are	   going	   to	   interact	   in	   one	   “anthocyanin	   inducing”	  
transcription	  complex.	  	  
In	  conclusion,	  the	  data	  presented	  in	  these	  two	  chapters	  show	  that	  alterations	  in	  the	  
expression	  pattern	  of	  the	  MYB	  regulators	  are	  sufficient	  to	  alter	  the	  expression	  pattern	  of	  
its	  bHLH	  partner	  and	  thereby	  the	  pigmentation	  pattern	  produced	  in	  the	  plant.	  The	  results	  
presented	  here	  show	  that	  such	  alterations	   in	  expression	  are	  most	  probably	  the	  result	  of	  
DNA	  changes	  in	  the	  regulatory	  regions	  of	  the	  MYB	  genes.	  
If	  these	  type	  of	  DNA	  changes	  are	  at	  the	  basis	  of	  the	  generation	  of	  different	  patterns	  
within	   the	   same	   species	   (see	   tomato	   and	   petunia),	   are	   similar	   genetic	   changes	   also	  
responsible	  for	  the	  variation	  of	  pigmentation	  patterns	  between	  species?	  
The	   preliminary	   results	   of	   an	   experimental	   approach	   to	   answer	   this	   question	   are	  
reported	   in	   chapter	   7.	   In	   these	   experiments	   gene	   “swaps”	   of	   the	   promoters	   of	  
anthocyanin	  MYB	  regulators	  were	  performed	  among	  Arabidopsis,	  tomato,	  and	  petunia,	  to	  
assess	   whether	   changes	   in	   cis-­‐regulatory	   elements	   of	   these	   “master	   genes”,	   are	  
responsible	   for	   the	   distinct	   pigmentation	   patterns	   of	   these	   species,	   or	   in	   the	   upstream	  
 194 
regulatory	   network.	   These	   swaps	   were	   carried	   out	   using	   genomic	   fragments	   encoding	  
anthocyanin	   MYB	   regulators	   belonging	   to	   the	   PhAN2	   clade	   	   and	   the	   activity	   of	   the	  
transgenes	   was	   then	   monitored	   through	   the	   GUS	   reporter	   gene	   contained	   in	   the	  
constructs.	   If	   such	   gene	   constructs	   maintain	   the	   expression	   pattern	   from	   their	   original	  
host,	  also	   in	  a	  heterologous	  host,	   that	  would	   indicate	   that	   these	  MYBs	  acquired	  distinct	  
expression	  patterns	  by	  changes	  in	  the	  upstream	  regulatory	  network.	  If	  on	  the	  other	  hand	  
the	   MYB	   gene	   maintains	   its	   original	   expression	   pattern	   also	   in	   a	   heterologous	   host,	   it	  
indicates	   that	   the	   divergence	   of	   cis-­‐elements	   in	   these	   MYB	   genes	   caused	   the	   distinct	  
pigmentation	  patterns	  
In	  case	  of	   the	  MYB	  genes	  that	  we	  studied	  here,	   the	  preliminary	  results	  acquired	  at	  
the	  time	  this	  thesis	  was	  written,	  suggest	  that	  the	  major	  cause	  for	  the	  divergence	  of	  their	  
expression	  patterns	  are	  alterations	  in	  the	  upstream	  regulatory	  network.	  
	  
Finally,	   this	   thesis	   approached	   the	   study	   of	   the	   specification	   of	   pigmentation	  
patterns	   in	   plants,	   through	   the	   acquisition	   of	   new	   knowledge	   about	   this	   process	   in	  
petunia	   and	   tomato	   and	   the	   identification	   of	   a	   role	   of	   “master	   genes”	   for	   MYB	  
anthocyanin	  regulators	  in	  a	  cascade	  of	  regulatory	  events	  that	  lead	  to	  the	  activation	  of	  the	  
biosynthetic	   pathway.	   A	   first	   attempt	   to	   understand	   the	   mechanism	   by	   which	   these	  
“master	  genes”	  have	  guided	  evolution	  of	  patterns	  in	  different	  species	  suggests	  a	  possible	  
existence	   of	   an	   higher	   level	   of	   regulation	   which	   will	   require	   further	   studies	   to	   be	  
identified.	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Samenvatting	  
	  
Hogere	   planten	   vertonen	   een	   grote	   morfologische	   diversiteit	   een	   kunnen	   enorm	  
verschillen	  in	  afmetingen,	  lichaamsopbouw,	  de	  vorm	  en	  aantal	  van	  verschillende	  organen,	  
kleuren.	  Het	  is	  duidelijk	  dat	  variatie	  tijdens	  evolutie	  ontstaat	  door	  mutatie(s)	  en	  selectie,	  
maar	  de	  moleculaire	  details	  hoe	  morfologische	  variatie	  ontstaat	   is	   veel	  minder	  duidelijk	  
en	   onderwerp	   van	   debat.	   Ontstaat	   morfologische	   variatie	   door	   mutaties	   in	   enkele	  
(master)	   genen	  met	   groot	   effect,	   of	   door	   vele	  mutaties	   in	  meerder	   gene	  met	   elk	   klein	  
effect?	   Betreft	   dit	   vooral	   mutaties	   in	   de	   eiwit-­‐coderende	   sequenties,	   of	   bij	   voorkeur	  
veranderingen	  in	  regulatoire	  elementen	  van	  genen?	  
Variatie	   in	   pigmentatiepatronen	   zijn	   om	   praktische	   redenen	   een	   aantrekkelijk	  
systeem	   om	   de	   moleculaire	   basis	   van	   het	   ontstaan	   van	   morfologische	   diversiteit	   te	  
bestuderen,	  omdat	   ze	  makkelijk	   zij	   te	  detecteren	  en	   reeds	  de	  nodig	  kennis	   is	   verkregen	  
over	  de	  genetische	  regulatie	  van	  pigmentatie	  in	  een	  aantal	  verschillende	  soorten.	  
De	   pigmenten	   die	   de	   meeste	   bloemen,	   vruchten	   en	   soms	   ook	   ander	   planten	  
organen	  kleuren	  zijn	  anthocyanen.	  Dit	  zijn	  simpele	  fenylpropanoiden	  die	  behoren	  tot	  de	  
superfamilie	   van	   flavonoiden.	   Anthocyanen	   worden	   gesynthetiseerd	   middels	   een	   korte	  
biosynthese	  route	  bestaande	  uit	  ca	  20	  opeenvolgende	  reacties.	  Veel	  van	  de	  “structurele”	  
anthocyaan	  genen	  die	  coderen	  voor	  de	  enzymen	  van	  de	  route	  zijn	  geïdentificeerd	  in	  een	  
breed	   spectrum	   van	   bloeiende	   planten	   (Angiospermae).	   De	   transcriptie	   van	   deze	  
structurele	   gene	  wordt	   geactiveerd	  door	  een	  breed	  geconserveerd	   trio	   van	  eiwitten	  die	  
behoren	  tot	  de	  families	  van	  MYB	  en	  de	  Helix-­‐Loop	  Helix	  (HLH)	  transcriptie	  regulators,	  en	  
een	  WD40-­‐repeat	  eiwit.	  Genetisch	  onderzoek	  aan	  een	  aantal	  soorten,	  met	  name	  petunia,	  
leeuwenbek	   (Antirhinum	  majus),	   maïs	   en	   Arabidopsis	   wees	   uit	   dat	   het	   patroon	   waarin	  
anthocyaan	   pigmenten	   accumuleren	   in	   de	   plant,	   wordt	   gedicteerd	   door	   het	  
expressiepatroon	  van	  de	  MYB	  en	  HLH	  regulator.	  D.w.z.	  de	  expressie	  van	  de	  MYB	  en	  HLH	  
regulators	   is	   in	   soorten	   beperkt	   tot	   weefsels	   die	   zijn	   gepigmenteerd	   en	   variatie	   in	  
pigmentatie	   patronen	   tussen	   soorten	   correleert	   correspondeert	   met	   variatie	   in	   de	  
expressiepatroon	  van	  de	  MYB	  en	  HLH	   regulators.	  Bovendien	   is	  ectopische	  expressie	  van	  
de	  MYB	  en	  HLH	  regulators	  in	  transgene	  planten	  voldoende	  is	  om	  de	  anthocyaan	  route	  te	  
activeren	   in	   weefsels	   die	   normaal	   niet	   zijn	   gepigmenteerd.	   Dit	   suggereert	   dat	   de	  
divergentie	   van	   pigmentatie	   patronen	   tijdens	   evolutie	   mogelijk	   is	   ontstaan	   door	  
veranderingen	  in	  de	  expressie	  patronen	  van	  deze	  regulators.	  De	  genetische	  veranderingen	  
die	  ten	  grondslag	  liggen	  aan	  de	  divergentie	  van	  MYB	  en	  HLH	  expressiepatronen	  zijn	  echter	  
onbekend.	  Teneinde	  hier	  inzicht	  in	  te	  krijgen	  hebben	  we	  getracht	  de	  essentiële	  genetische	  
verschillen	   te	   identificeren	  die	   ten	  grond	  slag	   liggen	  aan	  de	  divergentie	  van	  pigmentatie	  
patronen	  binnen	  1	  soort	  (tomaat)	  en	  vervolgens	  tussen	  verschillende	  soorten,	  die	  meer	  of	  
minder	  aan	  elkaar	  zijn	  verwant.	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De	  hoofdstukken	  1	  en	  2	  geven	  een	  overzicht	  van	  de	  huidige	  (literatuur)kennis	  met	  
betrekking	   op	   de	   regulatie	   van	   anthocyaan	   synthese	   in	   tomaat	   en	   cultivars	   met	  
verschillende	   pigmentatie	   patronen	   die	   door	   klassieke	   veredeling	   zijn	   verkregen.	  
Hoofdstuk	   2	   geeft	   een	   vergelijkend	   overzicht	   van	   de	   genetische	   regulatie	   van	   de	  
anthocyaan	  route	  in	  verschillende	  soorten,	  zoals	  leeuwenbek,	  Arabidopsis	  en	  petunia.	  	  	  
Hoofdstuk	   3	   presenteert	   experimenteel	   werk	  waaruit	   blijkt	   dat	   zowel	   hormonen	  
(gibbereline,	   jasmonaat	   en	   absicinezuur)	   als	   sucrose	   een	   rol	   spelen	   in	   de	   regulatie	   van	  
pigmentatie	   patronen.	   Dit	   impliceert	   dat	   de	   pigmentatie	   zelfs	   in	   genetisch	   identiek	  
individuen	   kan	   verschillen	   (tot	   op	   zeker	   hoogte)	   als	   gevolg	   van	   verschillen	   in	  
omgevingsfactoren.	  	  
De	  meeste	   vruchten,	   bladeren	   en	   stengels	   van	   de	  meeste	   commerciële	   tomaten	  
cultivars	   zijn	   niet	   gepigmenteerd	   door	   anthocyanen	   (de	   rode	   kleur	   van	   tomaten	   wordt	  
veroorzaakt	   door	   carotenen,	   niet	   door	   anthocyanen).	   In	   sommige	   tomatenvariëteiten,	  
genaamd	   Sunblack,	   vertonen	   zowel	   de	   vruchten	   als	   stengels	   en	   bladeren	   een	   intense	  
paarse	   kleur.	  Het	   afwijkende	  pigmentatiepatroon	   van	  Sunblack	   vergeleken	   commerciële	  
cultivars	  wordt	  veroorzaakt	  door	  een	  recessief	  allel	  op	  het	  Atroviolacea	  (Atv)	  locus	  en	  een	  
dominant	  allel	  op	  Anthocyanin	  fruit.	  Hoofdstuk	  4	  beschrijft	  een	  genoombrede	  analyse	  van	  
genexpressie	   profielen	   in	   Aft,	   atv	   en	   Aft	   atv	   tomatenlijnen	   en,	   als	   controle,	   een	  
ongekleurde	   culitivar.	   Dit	   liet	   zien	   dat	   de	   expressie	   van	   een	   reeks	   van	   structurele	  
anthocyaan	  genen	  sterk	  was	  opgereguleerd	  in	  Aft,	  atv	  en	  Atft	  atv	   lijnen,	  zoals	  verwacht,	  
en	   dat	  Aft	   en	   atv	   de	   expressie	   van	   een	   reeks	   van	   additionele	   genen	   activeert	   dan	   wel	  
inhibeert.	   Voor	   	   de	   meeste	   genen	   bleek	   bovendien	   	   bleken	   het	   dominant	   Aft	   en	   het	  
recessieve	  avt	  allel	  een	  synergistisch	  effect	  te	  hebben.	  	  
De	  observatie	   dat	   ectopische	   synthese	   veranderingen	   vereist	   in	   de	   expressie	   van	  
tenminste	  2	  genen,	  i.c.	  de	  MYB	  en	  de	  HLH	  regulator,	  lijkt	  in	  tegenspraak	  met	  het	  gegeven	  
dat	   1	   dominant	   allel	   in	   tomaat,	   Aft,	   voldoende	   is	   voor	   pigmentatie	   van	   de	   vrucht.	   	   In	  
Hoofdstuk	  6	  hebben	  we	  beschikbare	  mutanten	  gebruikt	  van	  petunia,	  een	  naaste	  verwant	  
van	  tomaat,	  om	  de	  hypothese	  te	  testen	  dat	  de	  MYB	  partner	  als	  “masterregulator”	  van	  de	  
anthocyaanroute	  opereert	  en	   in	  staat	   is	  om	  tevens	  de	  expressie	  van	  zijn	  HLH	  partner	   te	  
activeren.	  We	   tonen	   aan	   dat	   het	  ANTHOCYAAN	   4	   	   (AN4)	   van	   petunia	   codeert	   voor	   een	  
MYB	  eiwit	  dat	  essentieel	   is	  voor	  de	  expressie	  van	  zijn	  HLH	  partner	  AN1	  in	  helmknoppen,	  
en	  dat	  ectopische	  expressie	  van	  AN4,	  of	  het	  nauw	  verwante	  gen	  AN2,	  voldoende	  is	  voor	  
ectopische	  activatie	  van	  AN1	  en	  daarmee	  tevens	  de	  synthese	  van	  anthocyanen.	  	  	  
De	   feit	   dat	   in	   petunia	   de	  MYB	   als	   master-­‐regulator	   anthocyaan	   synthese	   werkt,	  
suggereerde	  dat	  het	  Aft	  locus	  van	  	  tomaat	  mogelijk	  een	  homoloog	  is	  van	  AN2	  en	  AN4.	  In	  
hoofdstuk	   5	   beschrijven	   we	   de	   karakterisering	   van	   regio	   van	   ca.	   20	   kb	   in	   het	   tomaten	  
genoom	  waarin	  drie	  MYB	  genen	  (SlAN2,	  SlANT1,	  SlANT1-­‐like)	  liggen	  die	  nauw	  verwant	  zijn	  
aan	   AN2/AN4	   en	   die	   in	   kruisingen	   co-­‐segregeert	   met	   Aft.	   Net	   als	   in	   petunia	   blijkt	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constitutieve	  expressie	  van	  de	  MYB	  factor,	  SlAN2	  of	  SLANT1,	  voldoende	  voor	  ectopische	  
expressie	   van	  de	  HLH	  partner	   SlAN1,	   en	   activatie	   van	  de	   anthocyaan	   route	   in	  bladeren,	  
stengels	   en	   vruchten.	   Dit	   onderschrijft	   dat	   de	   MYB	   factor	   ook	   in	   tomaat	   als	   master-­‐
regulator	   werkt.	   Bovendien	   bleek	   dat	   in	   Aft	   lijnen	   de	   expressie	   van	   SlAN2	   en	   in	   iets	  
mindere	  mate	  van	  SlAT1	  is	  sterk	  is	  verhoogd.	  Experimenten	  met	  transgene	  planten	  lieten	  
zien	   dat	   de	   verhoging	   van	   SlAN2	   expressie	   in	  Aft	   een	   gevolg	   is	   van	   een	   verschil	   in	   het	  
SlAN2Aft	   allel,	   en	   dat	   de	   verhoogde	   expressie	   van	  SlAN2	   voldoende	   is	   om	  de	   ectopische	  
activatie	   van	  SlANT1	   te	   verklaren.	  We	   concluderen	  daarom	  dat	   het	  Aft	   locus	   identiek	   is	  
aan	   SlAN2	   en	   dat	   de	   pigmentatie	   van	   de	   vrucht	   in	   Aft	   lijnen	   een	   gevolg	   is	   van	   een	  
verandering	  in	  dit	  gen	  zelf,	  waarschijnlijk	  in	  een	  cis-­‐regulatoire	  sequentie.	  	  	  
Om	  te	  onderzoek	  in	  hoeverre	  veranderingen	  in	  regulatoire	  sequenties	  van	  de	  MYB	  
heeft	   bijgedragen	   aan	   de	   divergentie	   van	   pigmentatiepatronen	   tussen	   soorten,	   is	   een	  
groot	   scala	   aan	   transgene	   tomaat,	   petunia	   en	   Arabidopsis	   planten	   gegenereerd	   en	  
homologe	   MYB	   gene	   de	   complete	   genen,	   inclusief	   flankerende	   regulatoire	   sequenties,	  
dan	  wel	  onderdelen	  van	  deze	  genen	  gewisseld	  tussen	  deze	  soorten.	  De	  eerste	  resultaten	  
wijzen	  er	  op	  dat	  de	  de	  verschillen	   in	  de	  expressiepatronen	  van	  deze	  genen	   in	  hun	  eigen	  
gastheer,	   voor	   een	   groot	   deel	   worden	   veroorzaakt	   door	   vooralsnog	   onbekende	  
veranderingen	   in	   het	   stroomopwaartse	   regulatoire	   netwerk,	   en	   verandering	   in	   cis-­‐
regulatoire	  elementen	  van	  deze	  MYB	  gene	  relatief	  weinig	  heeft.	  	  
De	   anthocyaan	   biosynthese	   vormen	   niet	   alleen	   een	   handig	   modelsysteem	   om	  
fundamenteel	   wetenschappelijk	   vragen	   te	   bestuderen	  maar	   is	   ook	   van	   direct	   praktisch	  
belang	  voor	  de	  veredeling	  van	  voedselgewassen.	  Anthocyanen	  zijn	  de	  afgelopen	  jaren	  in	  
de	  schijnwerper	  gekomen	  als	  belangrijke	  componenten	  van	  ons	  dieet,	  vanwege	  hun	  anti-­‐
virale,	  anti-­‐allergene,	  anti-­‐inflammatoire	  en	  	  anti-­‐oxidant	  eigenschappen.	  Het	  is	  eenvoudig	  
is	   om	  middels	   transgenese	   nieuwe	   cultivars	   te	   ontwikkelen	  met	   verhoogde	   anthocyaan	  
inhoud,	  maar	  vanwege	  problemen	  met	  de	  publieke	  acceptatie	  van	  transgene	  planten	  is	  dit	  
geen	   zeker	   voor	   voedselgewassen	   voorlopig	   geen	   levensvatbare	   strategie.	   Klassieke	  
veredeling	  kan	  dan	  een	  uitweg	  bieden,	  mist	  voldoende	  kennis	  over	  relevante	  genetische	  
factoren,	  zoals	  hier	  beschreven,	  voor	  handen	  is.	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